Amphiphilic Multiarm Star Block Copolymer Via Diels-alder Click Reaction by Çakır, Neşe
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
M. Sc. Thesis by 
Neşe ÇAKIR 
 
Department : Polymer Science and Technology 
Programme : Polymer Science and Technology 
 
 
JANUARY 2011 
AMPHIPHILIC MULTIARM STAR BLOCK COPOLYMER                       
VIA DIELS-ALDER CLICK REACTION 
  
                                            STRUCTURES 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
 
M.Sc. Thesis by 
Neşe ÇAKIR 
(515091040) 
 
Date of submission : 20 December 2010 
Date of defence examination: 25 January 2011 
 
Supervisor (Chairman) : Prof. Dr. Gürkan HIZAL (ITU) 
Members of the Examining Committee : Prof. Dr. Ümit TUNCA (ITU) 
 Prof. Dr. Gülaçtı TOPÇU (ITU) 
  
  
 
JANUARY 2011 
 
AMPHIPHILIC MULTIARM STAR BLOCK COPOLYMER 
VIA DIELS-ALDER CLICK REACTION 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
OCAK 2011 
 
 
İSTANBUL TEKNİK ÜNİVERSİTESİ  FEN BİLİMLERİ ENSTİTÜSÜ 
 
YÜKSEK LİSANS TEZİ 
Neşe ÇAKIR 
(515091040) 
 
Tezin Enstitüye Verildiği Tarih : 20 Aralık 2010 
Tezin Savunulduğu Tarih : 25 Ocak 2011 
 
Tez Danışmanı : Prof. Dr. Gürkan HIZAL(İTÜ) 
Diğer Jüri Üyeleri : Prof. Dr. Ümit TUNCA (İTÜ) 
Prof. Dr. Gülaçtı TOPÇU (İTÜ) 
  
  
  
 
DİELS-ALDER CLICK KİMYASI KULLANILARAK AMFİFİLİK 
ÇOK KOLLU YILDIZ BLOK KOPOLİMER SENTEZİ 
 
  
 
v 
FOREWORD 
This master study has been carried out at Ġstanbul Technical University, Chemistry 
Department of Science & Letter Faculty. 
I would like to express my gratitude to my thesis supervisor, Prof. Dr. Gürkan 
HIZAL and co-supervisor  Prof. Dr. Ümit TUNCA  for offering invaluable help in all 
possible ways, continuos encouragement and helpful critisms throughout this 
research. 
I would like to also extend my sincere gratitude Aydan DAĞ for her friendly and 
helpful attitudes during my laboratory works. In addition, I would like to thank my 
group member Hakan DURMAZ for his support during my laboratory study. 
I would like to thank my labmate Eda GÜNGÖR for her support and sincerity during 
my laboratory study. 
I would like to thank my colleagues NeĢe CERĠT and Hatice ġAHĠN for their 
friendly and helpful attitude during my laboratory works. 
I would like to offer the most gratitude to my family Rami ÇAKIR, Gülsüm ÇAKIR, 
Recep ÇAKIR and to all my friends for their patience, understanding and morale support 
during all stages involved in the preparation of this research.  
 
 
January 2011 
 
      NeĢe ÇAKIR 
 
 
 
  
 
vi 
  
 
vii 
TABLE OF CONTENTS 
                                                                                                                                              Page 
TABLE OF CONTENTS ......................................................................................... vii 
ABBREVIATIONS ................................................................................................... ix 
LIST OF TABLES .................................................................................................... xi 
LIST OF FIGURES ................................................................................................ xiii 
LIST OF SYMBOLS ............................................................................................... xv 
SUMMARY ............................................................................................................ xvii 
ÖZET ........................................................................................................................ xix 
1. INTRODUCTION .................................................................................................. 1 
2. THEORETICAL PART ........................................................................................ 5 
2.1 Controlled/Living Polymerizations ................................................................... 5 
2.1.1 Controlled/Living  Radical Polymerizations ............................................... 5 
2.1.1.1 Atom Transfer Radical Polymerization (ATRP) ..................................... 6 
2.1.1.2 Nitroxide-Mediated Radical Polymerization (NMP) ............................... 9 
2.1.1.3 Reversible-Addition Fragmentation Chain Transfer (RAFT) ................ 10 
2.1.2 Ring-Opening Polymerization (ROP) ....................................................... 11 
2.1.2.1 Controlled Ring-Opening Polymerization of cyclic esters .................... 11 
2.1.2.2 Catalysts ................................................................................................. 12 
2.1.2.3 Coordination-Insertion ROP .................................................................. 13 
2.1.2.4 Poly(caprolactone) ................................................................................. 16 
2.2 Click Chemistry ............................................................................................... 17 
2.2.1 Diels-Alder reaction .................................................................................. 18 
        2.2.1.1 Stereochemistry of Diels-Alder reaction ................................................ 18 
2.2.2 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) ..................... 20 
2.3 Star Polymers ............................................................................................... 21 
2.3.1 Preparation of star polymers ..................................................................... 22 
2.3.1.1 End linking with multifunctional linking agent (arm-first method) ..... .23 
2.3.1.2 Use of multifunctional initiators (core-first method) ............................. 24 
2.3.1.3 Use of difunctional monomers (arm-first method) ................................ 25 
2.3.2 Miktoarm star polymers ............................................................................ 26 
2.3.3 Synthesis of miktoarm star polymers by combination of Controlled     
Polymerization Methods ........................................................................ 26 
2.3.3.1 Synthesis of miktoarm star polymers by Atom Transfer Radical          
Polymerization (ATRP) .......................................................................... 28 
2.3.3.2 Synthesis of miktoarm star polymers by combination of ATRP and                   
Ring Opening Polymerization (ROP) .................................................... 29 
2.3.3.3 Synthesis of miktoarm star polymers by combination of ROP, NMP                    
and ATRP ............................................................................................... 30 
2.4 Amphiphilic Star Block Copolymers .............................................................. 31 
2.5 Nanoparticle Carriers based on Amphiphilic Polymers for Drug Delivery .... 32 
3. EXPERIMENTAL WORK ................................................................................. 35 
  
 
viii 
3.1 Materials .......................................................................................................... 35 
3.2 Instrumentation ................................................................................................ 35 
3.3 Synthesis Methods ........................................................................................... 36 
3.3.1 Synthesis of 4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) ........ 36 
3.3.2 Synthesis of 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-
ene-3,5-dione (2) .................................................................................... 37 
3.3.3 Synthesis of 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-yl)carbonyl]  
amino}ethoxy)-4-oxobutanoic acid  (3) ................................................. 37 
3.3.4 Synthesis of anthracene end-functionalized PCL (Anth-PCL) ................. 37 
3.3.5 Synthesis of anthracene and bromo functional PCL ................................. 38 
3.3.6 Synthesis of multiarm anthracene end-functionalized (PCL)m-polyDVB 
star polymer (Core)  ............................................................................... 38 
3.3.7 Synthesis of maleimide end-functionalized PEG (MI-PEG) .................... 39 
3.3.8 Synthesis of multiarm (PEG)k-(PCL)m-polyDVB star block copolymer via 
Diels-Alder click reaction ...................................................................... 39 
3.3.9 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (4) .............. 40 
3.3.10 Synthesis of anthracene-9ylmethyl 2,2,5-trimethyl-[1,3]dioxane-5-
carboxylate       (5) .................................................................................. 40 
3.3.11 Synthesis of  anthracene-9ylmethyl 3-hydroxy-2-(hydroxymethyl)-2-
methylpropanoate (6) ............................................................................. 41 
3.3.12 Synthesis of anthracene end-functionalized (PCL)2 ................................ 41 
3.3.13 Synthesis of miktoarm PEG-(PCL)2 star block copolymer via  Diels-
Alder click reaction ................................................................................ 42 
4. RESULTS AND DISCUSSION........................................................................... 43 
4.1 Synthesis of Initiators ...................................................................................... 43 
4.2 Synthesis of (AB)n type Multiarm Star Block Copolymer .............................. 46 
4.3 Synthesis of AB2 type Miktoarm Star Block Copolymer  ............................... 57 
CONCLUSION ......................................................................................................... 63 
REFERENCES ......................................................................................................... 65 
CURRICULUM VITA ............................................................................................. 76 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
ix 
 
ABBREVIATIONS 
1
H NMR : Hydrogen Nuclear Magnetic Resonance Spectroscopy 
ATRP  : Atom Transfer Radical Polymerization 
CH2Cl2 : Dichloromethane 
CDCl3 : Deuterated chloroform 
CuAAC : Copper catalyzed azide-alkyne cycloaddition 
DA : Diels-Alder 
DMF : N,N-dimehthylformamide 
DVB : Divinyl benzene 
-CL               : -caprolactone 
EtOAc : Ethyl acetate 
GC : Gas Chromatography  
GPC : Gel Permeation Chromatography 
MWD : Molecular Weight Distribution 
NMP : Nitroxide Mediated Polymerization 
PCL : Poly(-caprolactone) 
PDI : Polydispersity Index 
PEG : Poly(ethylene glycol) 
PMDETA : N, N, N’,N’’, N’’-Pentamethyldiethylenetriamine 
RAFT : Reversible Addition Fragmentation Chain Transfer 
r-DA : retro-Diels-Alder 
TD-GPC        : Triple Detector-Gel Permeation Chromatography 
TEA : Triethylamine 
THF : Tetrahydrofuran 
UV : Ultra Violet 
 
  
 
x 
  
 
xi 
 
LIST OF TABLES 
                                                                                                                                             Page 
Table 4.1: The conditions and results of linear polymers used in synthesis of 
amphiphilic multiarm star block copolymer via ROP and Diels-Alder 
click reaction… ....................................................................................... 48 
Table 4.2: The results of multiarm anthracene end-functional star and multiarm 
star block copolymers.............................................................................. 54 
Table 4.3: The conditions and results of linear polymers used in the synthesis   
of AB2 type star polymers via DA click reaction. ................................... 60 
Table 4.4: The  results of the miktoarm  star block copolymers  via  DA  click 
reaction .................................................................................................... 61 
 
 
 
 
 
 
 
 
  
 
xii 
  
 xiii 
LIST OF FIGURES 
                                                                                                                                            Page 
 
Figure 2.1: Illustration of a star polymer… . …………………………………..…..22 
Figure 2.2: Illustration of star polymer categories. …………………………………22 
Figure 2.3: Illustration of  the synthesis of star polymers by arm-first method ........ 24 
Figure 2.4: Illustration of  the synthesis of star and star block copolymers by 
―core-first‖ method ................................................................................. 25 
Figure 2.5: Illustration of the synthesis of star polymers by ―arm-first‖ method. .... 25 
Figure 2.6: Illustration of miktoarm star polymers structures where each letter 
represents different polymeric arms. ...................................................... 26 
Figure 2.7: The mechanism of divinyl compound and star coupling ....................... 27 
Figure 2.8: Dilute solution of block copolymers into spherical micelles ................. 32 
Figure 4.1:
 1
H NMR spectra of: a) 3-acetyl-N-(2-hydroxyethyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (1); b) 3-acetyl-N-(2-
hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2); c) 
4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-
yl)carbonyl]amino}ethoxy)-4-oxobutanoic acid (3)   in CDCl3. ........... 44 
Figure 4.2:
 1
H NMR spectrum of a) 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic 
acid (4); b) anthracen-9ylmethyl 2,2,5-trimethyl-1,3-dioxane-5-
carboxylate (5); c) anthracen-9ylmethyl 3-hydroxy-2-
(hydroxymethyl)-2-methylpropanoate (6) in CDCl3. ............................. 46 
Figure 4.3: 
1
H NMR spectrum of Anth-PCL in CDCl3 ............................................ 47 
Figure 4.4:
 1
H NMR spectrum of anthracen-9ylmethyl 2-bromo-2-methyl 
propanoate in CDCl3 .............................................................................. 49 
Figure 4.5: 
1
H NMR spectra of MI-PEG in CDCl3................................................... 50 
Figure 4.6:
 
Synthesis of α-anthracene-end-capped (PCL)n-polyDVB multiarm 
star    polymer ......................................................................................... 50 
Figure 4.7: GPC traces during the synthesis of (PCL)n-polyDVB multi-arm star 
polymer. Experimental conditions: [DVB]/15 = [Anth-PCL-Br] = 
[CuBr] = [PMDETA] = 0.020 M in anisole at 110 °C. GPC 
conditions: RI detector, relative to linear PS standards. ........................ 51 
Figure 4.8: 
1
H NMR spectra of the multiarm star polymer in CDCl3. ...................... 53 
Figure 4.9:
 
Diels-Alder click reaction of multiarm star polymer with PEG-MI. ...... 55 
Figure 4.10:
 1
H NMR Spectrum of the multiarm star block copolymer in CDCl3 ... 56 
Figure 4.11:
 
UV spectra of multiarm anthracene-end functionalized (PCL)n-
polyDVB star  polymer during the synthesis of multiarm (PCL)n-
polyDVB-(PEG)m star block copolymer 1.66 x 10
-6 
mol/L in  
CH2Cl2 .................................................................................................... 56 
Figure 4.12: The evolution of SEC traces: PEG-MI, PCL-macroinitiator, 
multiarm anthracene-end functionalized (PCL)n-polyDVB star 
polymer and multiarm(PCL)n-polyDVB-(PEG)m star block 
copolymer. .............................................................................................. 57 
  
 xiv 
Figure 4.13:
 
The evolution of SEC traces: PEG-MI, PCL-macroinitiator, 
multiarm anthracene-end functionalized (PCL)n-polyDVB star 
polymer and multiarm(PCL)n-polyDVB-(PEG)m star block 
copolymer . ............................................................................................. 58 
 
 
 
 
 
 
 
 
  
  
xv 
LIST OF SYMBOLS 
λ : Wavelength 
R
.
 : Radical 
f : Number of arm 
nm : Nanometer 
g′ : Contraction factor 
[ : Intrinsic viscosity 
Rh : Hydrodynamic radius 
C : Concentration 
A : Absorbance 
 : Molar extinction coefficient 
kact : Activation rate constant 
kdeact                    : Deactivation rate constant 
Rp                     : Rate of polymerization 
dn/dc : Refractive index increment 
 : Mark-Houwink-Sakurada constant 
ppm : Parts per million 
o
C : Celsius 
M : Molarity 
Tg : Glass-transition temperature 
Mn : The number average molecular weight 
Mw : The weight average molecular weight 
Mw/Mn : The molecular weight distribution 
  
  
xvi 
 
 
  
  
xvii 
AMPHIPHILIC MULTIARM STAR BLOCK COPOLYMER VIA DIELS-
ALDER CLICK REACTION 
SUMMARY 
Amphiphilic block copolymers and star-shaped block copolymers with hydrophilic 
and hydrophobic segments have been investigated extensively because of their 
unique self-organization characteristics. Amphiphilic block copolymers form 
micelles and hollow spheres having unique characteristics, such as nanosize, core-
shell architecture, and low critical micelle concentration. However, star-block 
copolymers comprising hydrophobic biodegradable and hydrophilic biocompatible 
segments are of particular interest, especially for biomedical applications. 
Star polymers are branched polymers consisting of several linear chains linked to a 
central core. Among all branched structures, star polymers have been certainly the 
most investigated architectures, attracting much experimental and theoretical interest. 
There are two general strategies used to produce star polymers: the arm-first and 
core-first techniques. In the arm-first strategy, a polymer with a proper end-group 
functionality is reacted with an appropriate multifunctional core to give a star 
polymer. In the second strategy (core-first), the polymer chain is simultaneously 
grown from a multifunctional initiator. In recent years, the use of controlled/living 
radical polymerization techniques in the synthesis of complex macromolecules (star 
and dendrimeric polymers) has quickly increased because of the variety of applicable 
monomers and greater tolerance to experimental conditions in comparison with 
living ionic polymerization routes. The most widely used methods for C/LRP include 
atom transfer radical polymerization (ATRP), nitroxide mediated radical 
polymerization (NMP), and reversible addition-fragmentation chain transfer 
polymerization (RAFT). In addition, controlled ring-opening polymerization (ROP) 
has found wide applications in the polymerization of lactones and lactides. Ring-
opening polymerization (ROP) is a unique polymerization process, in which a cyclic 
monomer is opened to generate a linear polymer. Nowadays, alternative routes such 
as Diels-Alder (DA) and the copper (I)-catalyzed azide-alkyne cycloaddition 
(CuAAC) reactions which can be classified under the term ―click chemistry‖ have 
emerged as a powerful tool for the preperation of block and star polymers. From this 
point of view, in this thesis, we describe the synthesis of multiarm star block and 
miktoarm star block copolymers using DA click reactions.  
In the first study, amphiphilic multiarm star block copolymer: (PEG)m-(PCL)n-
polyDVB was synthesized via a combination of ROP, cross-linking and  DA click 
reaction as seen in figure 1.  
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Figure 1: Synthesis of amphiphilic multiarm star block copolymer. 
Second, initiator 6 was used in the polymerization of ε-CL in the presence of 
Sn(Oct)2 catalyst. MI-PEG and anth-(PCL)2 polymer are clicked in order to give 
PEG-(PCL)2 miktoarm star copolymer in reflux temperature of toluene as seen in 
figure 2.  
 
 
 
Figure 2: Synthesis of  AB2 type amphiphilic miktoarm star block copolymer. 
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DİELS-ALDER CLICK KİMYASI KULLANILARAK AMFİFİLİK ÇOK 
KOLLU YILDIZ BLOK KOPOLİMER SENTEZİ 
ÖZET 
Hidrofilik ve hidrofobik gruplar içeren amfifilik blok kopolimerler ve star blok 
kopolimerler kendilerine has karakteristik düzenleri olduğundan dolayı geniĢ ölçüde 
incelenmektedir. Amfifilik blok kopolimerler misel ve içi boĢ küreler oluĢturmasıyla 
nanoboyut, çekirdek-kabuk yapısı ve düĢük kritik misel konsantrasyonu gibi kendine 
özgü özellik gösterirler. Star blok kopolimerler hidrofobik biyobozunur ve hidrofilik 
biyouyumlu guplar içermeleriyle birlikte özellikle biyomedikal uygulamalarda olmak 
üzere özel ilgi alanıdırlar. 
Yıldız polimerler birkaç lineer polimer zincirinin bir merkez çekirdeğe bağlı olduğu 
dallanmıĢ yapılardır. Tüm dallanmıĢ yapılar arasında, Ģüphesiz yıldız polimerler en 
çok araĢtırılan, deneysel ve teorik açıdan ilgi çeken yapılardır. Yıldız polimerlerin 
elde edilmesinde kullanılan iki genel yöntem vardır: kol öncelikli ve çekirdek 
öncelikli yöntemleri. Kol öncelikli yönteminde, uygun uç grup fonksiyonalitesine 
sahip polimer ona uygun çok fonksiyonlu bir çekirdekle yıldız polimer elde etmek 
için reaksiyona sokulur. Ġkinci yöntemde (çekirdek öncelikli ) ise, polimer zinciri çok 
fonksiyonlu bir baĢlatıcıdan eĢzamanlı bir Ģekilde büyümektedir. Son yıllarda 
kompleks makromoleküllerin sentezinde kontrollü/yaĢayan polimerizasyon 
tekniklerinin kullanılması, yaĢayan iyonik polimerizasyon yöntemiyle mukayese 
edildiğinde deneysel koĢullara çok daha toleranslı olması ve çok çeĢitli monomerlere 
uygulanabilir olması nedeniyle hızlı bir Ģekilde arttı. Atom transfer radikal 
polimerleĢmesi (ATRP), nitroksit ortamlı radikal polimerleĢmesi (NMP), ve tersinir 
eklenme-ayrılma zincir transfer polimerleĢmesi (RAFT) en yaygın kullanım alanı 
olan C/LRP yöntemleridir. Öte yandan, kontrollü halka açılma polimerizasyonu, 
lakton ve laktidlerin polimerizasyonunda geniĢ uygulama alanı bulmuĢtur. Halka 
açılma polimerizasyonu (ROP) siklik monomerin lineer polimer oluĢturmak üzere 
açıldığı tek polimerizasyon yöntemidir. Günümüzde, ―click kimyası‖ terimi altında 
sınıflandırılan Diels-Alder (DA) ve bakır katalizli azid-alkin siklokatılma (CuAAC) 
tepkimeleri blok ve yıldız polimerlerin eldelerinde güçlü bir alternatif yöntem olarak 
ortaya çıkmıĢtır. Bu noktadan hareketle bu tezde, DA ya da DA ve CuAAC click 
reaksiyonlarının birlikte kullanılmasıyla çok kollu yıldız blok ve farklı kollu yıldız 
blok kopolimerlerinin sentezi tanımlanmıĢtır. 
Ġlk çalıĢmada, Ģekil 1‘de görüldüğü gibi amfifilik çok kollu yıldız blok kopolimer: 
(PEG)m-(PCL)n-polyDVB halka açılma polimerleĢmesi, çapraz-bağlanma ve DA 
click reaksiyonunun birlikte kullanılmasıyla sentezlenmiĢlerdir. 
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Şekil 1: Amfifilik çok kollu yıldız blok kopolimerin sentezi. 
Ġkinci olarak, Ģekil 2‘de görüldüğü gibi 6 kaprolaktonun (ε-CL) ROP‘sinde stannous 
oktoat (Sn(Oct)2) varlığında baĢlatıcı olarak kullanılmıĢtır. MI-PEG ve anth-(PCL)2 
polimeri PEG-(PCL)2 farklı kollu polimerini vermek amacıyla toluenin kaynama 
sıcaklığında reaksiyona girmiĢtir. 
 
 
 
Şekil 2: AB2 tipli amfifilik farklı kollu yıldız blok kopolymer sentezi. 
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1.  INTRODUCTION 
Amphiphilic copolymers are macromolecular substances containing segments of 
opposite philicity, i.e. hydrophilic and hydrophobic, which are covalently bonded. If 
a material is classified as  hydrophilic it has a high affinity for water, therefore 
meaning that water can be adsorbed by the material. Conversely, if a material is  
hydrophobic, it has no affinity for water and water is therefore not adsorbed by such 
a material. 
Amphiphilic copolymers have molecular architectures in which different domains, 
both hydrophilic and hydrophobic, are present within the polymer molecules. This 
gives rise to unique properties of these materials in selected solvents, at surfaces as 
well as in the bulk, due to microphase separation [1]. The characteristic self-
organization of these materials in the presence of selective media often results in the 
formation of aggregates such as micelles, microemulsions, and adsorbed polymer 
layers [2].  
Recent developments in C/LRP methods provide the possibility to synthesize 
polymers such as block, graft, star and functional polymers with well-defined 
structures [4-8]. The most widely used methods for C/LRP include atom transfer 
radical polymerization (ATRP), nitroxide mediated radical polymerization (NMP), 
and reversible addition-fragmentation chain transfer polymerization (RAFT) [4, 5, 7-
12]. 
Ring-opening polymerization (ROP) is a unique polymerization process, in which a 
cyclic monomer is opened to generate a linear polymer. Polymers with a wide variety 
of functional groups can be produced by ring-opening polymerizations. Preparation 
of cyclic monomers, studies of catalysis and mechanisms are active areas of research 
both in academia and industry [13-16]. Nowadays, increasing attention is paid to 
degradable and biodegradable biocompatible polymers for applications in the 
biomedical and pharmaceutical fields, primarily because after use they can be 
eliminated from the body via natural pathways and also they can be a solution to 
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problems concerning the global environment and the solid waste management. 
Aliphatic polyesters are among the most promising materials as biodegradable 
polymers. The commonly used biocompatible polymers are aliphatic polyesters, such 
as  poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 
and their corresponding copolymers [17]. PCL and PEG are both well-known FDA-
approved biodegradable and biocompatible materials, which have been  widely used 
in the biomedical field [18]. 
The ―click chemistry‖ concept was introduced by Sharpless and co-workers in 2001 
[19]. Selected reactions were classified as click chemistry if they were modular, 
stereospecific, wide in scope, resulted in high yields, and generated only safe 
byproducts. Several efficient reactions such as  copper(I)-catalyzed azide-alkyne  
cycloaddition (CuAAC), Diels-Alder (DA) cycloadditions, nucleophilic substitution 
and radical reactions can be classified under this term. The Diels-Alder reaction is an 
organic chemical reaction (specifically, a cycloaddition) between a conjugated diene 
and a substituted alkene, commonly termed the dienophile, to form a substituted 
cyclohexene system [20, 21]. Some of the Diels-Alder reactions are reversible; the 
decomposition reaction of the cyclic system is then called the Retro-Diels-Alder. For 
example, Retro-Diels-Alder compounds are commonly observed when a Diels Alder 
product is analyzed via mass spectrometry [21].  
Star polymers are among the macromolecular architectures receiving growing 
interest, due to their distinct properties in bulk, melt and solutions. They often exhibit 
lower solution and melt viscosities compared to those of the linear counterparts [22]. 
The synthesis of star-shaped polymers is generally achieved by one of two 
approaches; the ‗‗arm-first‘‘ in which the polymer arms are coupled to a 
multifunctional coupling agent and the ‗‗core-first‘‘ based on a multifunctional core 
as initiator.  
Amphiphilic star-shaped block copolymers have recently attracted much attention 
because these polymers can behave as unimolecular micelles or be designed to 
exhibit a very low critical aggregation concentration (CAC) [23-24]. However, star-
block copolymers comprising hydrophobic biodegradable and hydrophilic 
biocompatible segments are of particular interest, especially for biomedical 
applications. 
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In this thesis, we prepared multiarm and miktoarm star block copolymer by the 
combination of ROP, cross-linking and Diels-Alder click reactions based on the arm-
first method. For this purpose PCL is synthesized from the hydroxyl functionalized 
anthracene initiator. Anth-PCL was converted to tertiary α-bromoester 
macroinitiator.  Star polymer, with an anthracene functionality at the periphery, was 
obtained by the reaction of PCL macroinitiator and DVB as a cross-linker. The 
resulted multiarm star polymer is reacted with well defined, maleimide-end-
functionalized poly(ethylene glycol)  (PEG-MI) via Diels-Alder Click reaction and 
our final multiarm star block copolymer is produced. Subsequently, DA click 
reaction was applied to the synthesis of miktoarm star block copolymer (AB2) using 
similar furan protected maleimide end-functionalized polymer and anth-(PCL)2  
linking agent. Anth-(PCL)2 was prepared from ROP of ε-CL with  initiator 6. The 
efficiency of the Diels-Alder Click reaction has been investigated by gel permeation 
chromatography measurements (refractive-index detector) and UV measurements. 
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2.  THEORETICAL PART 
2.1 Controlled/ ‘‘Living” Polymerizations 
A living polymerization is defined as a chain  polymerization without chain transfer 
and chain termination as indicated by Szwarc. Well-defined polymers, can only be 
synthesized by living ionic polymerizations or controlled/ ―living‖ radical 
polymerization (C/LRP) methods [25]. Until recently, ionic polymerizations (anionic 
or cationic) were the only living techniques that efficiently controlled the structure 
and architecture of vinyl polymers. These polymerization techniques ensure low 
polydispersity materials, controlled molecular weight and defined chain ends but 
they are not useful for the polymerization and copolymerization of a wide range of 
functionalized vinylic monomers [26]. Furthermore, these techniques require 
stringent reaction conditions and pure reagents. To overcome all these limitations 
polymer chemists developed new concepts. These new concepts are often called 
controlled radical polymerization, living radical polymerization, control/―living‖ 
radical polymerization [27, 28]. 
Living polymerization provides end-group control and enables the synthesis of block 
copolymers by sequential monomer addition. However, it does not necessarily 
provide polymers with molecular weight (MW) control and narrow molecular weight 
distribution (MWD). To obtain well defined polymers the initiator should be 
consumed at early stages of polymerization and that the exchange between species of 
various reactivities should be at least as fast as propagation [29- 31].  
2.1.1 Controlled/ ‘‘Living”  Radical Polymerizations 
Living free radical polymerizations have attained a tremendous following in polymer 
chemistry. A great deal of effort has been made to develop and understand different 
living free radical polymerization (LFRP) methods. Georges and co-workers first 
introduced true nitroxide mediated polymerization (NMP) in 1993, Matyjaszewski 
and Sawamoto developed metal catalzed (Cu, Ru) living radical polymerization also 
called atom transfer radical polymerization (ATRP) in 1995, and Moad, Rizzardo 
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and Thang reported reversible addition-fragmentation chain transfer polymerization 
(RAFT) in 1998 [7, 8, 9, 12].  
2.1.1.1 Atom Transfer Radical Polymerization (ATRP) 
Atom transfer radical polymerization (ATRP) is a living radical polymerization 
process, which is consisting of the monomer, initiator, and catalyst composed of 
transition metal species with any suitable ligand. The ATRP system is consisting of 
the monomer, initiator, and catalyst composed of transition metal species with any 
suitable ligand.  ATRP, which is the most versatile method of the controlled radical 
polymerization system, uses a wide variety of monomers, catalysts, solvents, and 
reaction temperature. ATRP  is one of the most convenient methods to synthesize 
well-defined low molecular weight polymers [32]. 
 
(2.1) 
Equation 2.1 represents the general mechanism of ATRP. The radicals the 
propagating species Pn*, are generated through a reversible redox process catalyzed 
by a transition metal complex. Radicals react reversibly with the oxidized metal 
halide complexes, X–Mt
n+1
 / ligand, the deactivator, to reform the dormant species 
and the activator. These processes are fast, and the dynamic equilibrium that is 
established favors the dormant species. By this way, all chains can begin growth at 
the same time, and the concentration of the free radicals is quite low, resulting in 
reduced amount of irreversible radical-radical termination. Since the deactivation 
rate constant is substantially higher than that of the activation reaction Keq = Kact / 
Kdeact ~10-7; each polymer chain is protected by spending most of the time in the 
dormant state, and thereby the permanent termination via radical coupling and 
disproportionation is substantially reduced.  Polymer chains grow by the addition of 
the free radicals to monomers in a manner similar to a conventional radical 
polymerization, with the rate constant of propagation, kp. Termination reactions (kt) 
also occur in ATRP, mainly through radical coupling and disproportionation; 
however, in a well-controlled ATRP, only several percents of the chains become 
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dead via termination [33]. Polydispersities in ATRP decrease with conversion, with 
the rate constant of deactivation and also with the concentration of deactivator. The 
molecular conversion and the amount of initiator used, DP = [M]/[I]0; 
polydispersities are low, Mw / Mn <1,3  [34].  
Monomers  
A variety of monomers have been used for atom transfer radical polymerization. The 
most common monomers are methacrylates, acrylonitriles, styrenes, acrylates and 
(meth)acrylamides in bulk, solution using organics or water as solvents, and 
emulsion, supercritical carbon dioxide, producing polymers with well-controlled 
molecular weights and structures [35].  
Initiators 
In ATRP, alkyl halides are typically used as the initiator and the rate of the 
polymerization is first order with respect to the concentration of alkyl halides. To 
obtain well-defined polymers with narrow molecular weight distributions, the halide 
group X, must rapidly and selectively migrates between the growing chain and the 
transition-metal complex. Thus far, bromine and chlorine are the halogens that afford 
the best molecular weight control [36-39]. Iodine works well for acrylate 
polymerizations; however, in styrene polymerizations the heterolytic elimination of 
hydrogen iodide is too fast at high temperatures [40].  
The amount of the initiator in the ATRP determines the final molecular weight of the 
polymer at full monomer conversion. The main role of the initiator is to determine 
the number of growing polymer chains. If initiation is fast and transfer and 
termination negligible, then the number of growing chains is constant and equal to 
the initial initiator concentration. The theoretical molecular weight or degree of 
polymerization (DP) increases reciprocally with the initial concentration of initiator 
in a living polymerization. 
The most frequently used initiator types used in the atom transfer radical 
polymerization systems are, 1-Bromo-1-phenyl ethane (Styrene), 1-Chloro-1-phenyl 
ethane (Styrene), Ethyl-2-bromo propionate (Methyl methacrylate) and Ethyl-2- 
bromo isobutyrate (Methyl methacrylate). Two parameters are important for a 
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successful ATRP initiating system; first, initiation should be fast in comparison with 
propagation. Second, the probability of side reactions should be minimized [5].  
Catalysts 
Catalyst is another important component of ATRP. Catalyst determines the position 
of the atom transfer equilibrium and the dynamics of exchange between the dormant 
and active species. There are several prerequisites for an efficient transition metal 
catalyst. First, the catalyst should react with initiator fast and quantitatively to ensure 
that all the polymer chains start to add monomer at the same time. Second, the 
catalyst must have moderate redox potential to ensure an appropriate equilibrium 
between dormant and active species. In general, a low redox potential of the catalyst 
leads to formation of the high Cu(II) concentration (equilibrium is shifted toward 
transient radicals). Consequently, a fast and uncontrolled polymerization is observed. 
In contrast, high redox potential strongly suppresses Cu(II) formation (equilibrium is 
shifted toward dormant species) via a halogen atom abstraction process leading to 
very slow polymerization. Third, the catalyst should be less sterically hindered, 
because large steric congestion around the metal center of catalyst results in a 
reduction of the catalyst activity. Fourth, a good catalyst should not afford side 
reactions such as Hoffman elimination, β-H abstraction, and oxidation/reduction of 
radicals [41]. 
A variety of transition metal complexes with various ligands have been studied as 
ATRP catalysts. The majority of work on ATRP has been conducted using copper as 
the transition metal. Apart from copper-based complexes, iron, nickel, rhenium, 
ruthenium, rhodium, and palladium have been used to some extent [6, 57, 63-66]. 
Recent work from Sawamoto and co-workers shows that the Ru-based complexes 
can compete with the Cu-based systems on many fronts. A specific Fe-based catalyst 
has also been reported to polymerize vinyl acetate via an ATRP mechanism [42]. 
Ligands 
The major roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal, should also 
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allow expansion of the coordination sphere, and should allow selective atom transfer 
without promoting other reactions. 
The most common ligands for ATRP systems are substituted bipyridines, alkyl 
pyridylmethanimines and multidentate aliphatic tertiary amines such as 
N,N,N′,N″,N″ pentamethyldiethylenetriamine (PMDETA), and tris[2-
(dimethylamino) ethyl]amine (Me6-TREN) [7,43]. In addition to those commercial 
products, it has been demonstrated that hexamethyltriethylene tetramine (HMTETA) 
provides better solubility of the copper complexes in organic media and entirely 
homogeneous reaction conditions [44]. Since copper complexes of this new ligand 
are almost insoluble in water, ATRP technique can be employed in preparing 
poly(acrylate esters) in aqueous suspensions [45]. 
Solvents 
ATRP can be carried out either in bulk, in solution or in a heterogeneous system 
(e.g., emulsion, suspension). Various solvents such as benzene, toluene, anisole, 
diphenyl ether, ethyl acetate, acetone, dimethyl formamide (DMF), ethylene 
carbonate, alcohol, water, carbon dioxide and many others have been used for 
different monomers. A solvent is sometimes necessary especially when the obtained 
polymer is insoluble in its monomer [46].  
2.1.1.2 Nitroxide-Mediated Radical Polymerization (NMP) 
Nitroxide–mediated radical polymerization (NMP) belongs to a much larger family 
of processes called stable free radical polymerizations. In this type of process, the 
propagating species (Pn°) reacts with a stable radical (X°) as seen in equation 2.2. 
The resulting dormant species (Pn-X) can then reversibly cleave to regenerate the 
free radicals once again. Once Pn° forms it can then react with a monomer, M, and 
propagate further. The most commonly used stable radicals have been nitroxides, 
especially 2,2,6,6-tetramethylpiperidinoxy (TEMPO). The 2,2‘,6,6‘- 
tetramethylpiperidine-1-oxyl radical (TEMPO) was used as the nitroxide component 
in these initial studies. The alkoxyamine is formed in situ during the polymerization 
process [47]. Although NMP is one of the simplest methods of living free radical 
polymerization (LFRP), it has many disadvantages. Many monomers will not 
polymerize because of the stability of the dormant alkoxyamine that forms. Also, 
since the reaction is kinetically slow, high temperatures and bulk solutions are often 
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required. Also, the alkoxyamine end groups are difficult to transform and require 
radical chemistry [48]. 
 
(2.2) 
The chain end functionalization of polymers synthesized by NMP is a significant 
problem because dormant chains containing alkoxyamines can regenerate terminal 
radicals which can depolymerize at high temperatures. A very interesting chain end 
functionalization process has also been discovered by Hawker et. al. which involves 
the controlled monoaddition of maleic anhydride or maleimide derivatives to the 
alkoxyamine chain end. The alkoxyamine can then be easily eliminated and other 
functional groups can be introduced [49]. 
2.1.1.3 Reversible-Addition Fragmentation Chain Transfer (RAFT) 
The most recent report of a controlled/‖living‖ free radical polymerization has been 
reported by Haddleton and co-workers as well as Thang et al. Reversible addition-
fragmentation chain transfer (RAFT) is achieved by performing a free radical 
polymerization in the presence of dithio compounds, which act as efficient reversible 
addition-fragmentation chain transfer agents [50]. 
Reversible addition-fragmentation chain transfer (RAFT) incorporates compounds, 
usually dithio derivatives, within the living polymerization that react with the 
propagating center to form a dormant intermediate. The dithio compound can release 
the alkyl group attached to the opposite sulfur atom which can then propagate with 
the monomer. The greatest advantage to RAFT is the incredible range of 
polymerizable monomers. As long as the monomer can undergo radical 
polymerization, the process will most likey be compatible with RAFT. However, 
there are many major drawback that arise when using this process. The dithio end 
groups left on the polymer give rise to toxicity, color, and odor and their removal or 
  
  
11 
displacement requires radical chemistry. Also, the RAFT agents are expensive and 
not commercially available [51]. 
2.1.2 Ring-Opening Polymerization (ROP) 
Ring-opening polymerization (ROP) is a unique polymerization process, in which a 
cyclic monomer is opened to generate a linear polymer. It is fundamentally different 
from a condensation polymerization in that there is no small molecule byproduct 
during the polymerization. Polymers with a wide variety of functional groups can be 
produced by ring-opening polymerizations. Preparation of cyclic monomers, studies 
of catalysis and mechanisms are active areas of research both in academia and 
industry [13-16]. 
Nowadays, increasing attention is paid to degradable and biodegradable 
biocompatible polymers for applications in the biomedical and pharmaceutical fields, 
primarily because after use they can be eliminated from the body via natural 
pathways and also they can be a solution to problems concerning the global 
environment and the solid waste management. Aliphatic polyesters are among the 
most promising materials as biodegradable polymers.  
2.1.2.1 Controlled  Ring-Opening Polymerization of cyclic esters 
The ring opening polymerization (ROP) of lactones and lactides to produce 
poly(ester)s provides versatile biocompatible and biodegradable polymers possessing 
good mechanical properties. These advantages have seen aliphatic poly(ester)s 
receive increasing attention over the last few years driven by their application as 
biodegradable substitutes for conventional commodity thermoplastics and 
applications in the biomedical field [52]. 
Aliphatic poly(ester)s can be either synthesized by polycondensation of hydroxyl-
carboxylic acids or by the ring-opening polymerization (ROP) of cyclic esters. The 
polycondensation technique yields low molecular weight polyesters (Mn<30.000) 
with poor control of specific end groups [53]. In contrast, high molecular weight 
aliphatic polyesters can be prepared in short periods of time by ROP. There has been 
much research directed towards the controlled ROP of commercially available cyclic 
esters including glycolide, lactide and -caprolactone resulting in aliphatic 
poly(ester)s with high molecular weights [54]. 
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In practice, the ROP of lactones and lactides requires an appropriate catalyst to 
proceed in reasonable conditions and to afford polymers with controlled properties 
(2.3). Since the pioneering work of Kleine et al. in the 1950s metal-based catalytic 
systems have been the focus of considerable attention for the polymerization of 
cyclic esters, and numerous studies have been carried out to elucidate the mechanism 
of such coordination polymerizations. Through variation in the nature of the metal 
center and of the surrounding ligands, a broad range of initiators have been prepared 
and evaluated [55, 56, 58, 59]. 
O
O
CL
O
O
n
 
Initiator/catalyst
n
PCL
 
(2.3) 
 
Besides the coordination-insertion mechanism, alternative strategies based on 
anionic, nucleophilic, or cationic promoters have also been recently (re)evaluated, 
the preliminary results reported in these fields being rather promising [60, 61].  
2.1.2.2 Catalysts  
A large variety of organometallic compounds, such as metal alkoxides and metal 
carboxylates, has been studied as initiators or catalysts in order to achieve effective 
polymer synthesis [56]. The covalent metal alkoxides with free p or d orbitals react 
as coordination initiators and not as anionic or cationic initiators [62]. The most 
widely used complex for the industrial preparation of polylactones and polylactides 
is undoubtedly Sn(Oct)2. It is commercially available, easy to handle, and soluble in 
common organic solvents and in melt monomers. It is highly active and allows for 
the preparation of high-molecular-weight polymers in the presence of an alcohol 
[63]. Aluminum alkoxides have also proved to be efficient catalysts for the ROP of 
cyclic esters. The common example, namely, aluminum (III) isopropoxide, Al(Oi-
Pr)3, has been largely used for mechanistic studies. However, it has been revealed to 
be significantly less active than Sn(Oct)2 [64]. Moreover, an induction period of a 
few minutes is systematically observed with Al(Oi-Pr)3 attributed to aggregation 
phenomenon [65]. For all these reasons, Al(Oi-Pr)3 is much less used for the 
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preparation of biodegradable polyesters, and especially since aluminum ions do not 
belong to the human metabolism and are suspected of supporting Alzheimer‘s 
disease. 
O
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Sn(Oct)2
Al(O-iPr)3
Zn(Lact)2  
(2.4) 
Much interest has thus been devoted to zinc derivatives as potential nontoxic 
catalysts. Zinc powder itself is a relatively good polymerization catalyst that is used 
industrially [66]. With reaction times of several days at 140 °C in bulk, it is roughly 
as active as Al(Oi-Pr)3. Numerous zinc salts have also been investigated  [67]. 
2.1.2.3 Coordination-Insertion ROP  
Covalent metal carboxylates, particularly tin(II) bis(2-ethylhexanoate) usually 
referred to as tin(II) octanoate, Sn(Oct)2 belong to the most frequently used initiators 
for polymerization of cyclic esters due to its low cost, low toxicity, and high 
efficiency. Although, there are controversial reports in the literature about the nature 
of Sn(Oct)2 activity in the polymerization of lactones, two basic types of mechanism 
have been proposed. The first one is directly catalytic type where the catalyst serves 
to activate monomer through coordination with its carbonyl oxygen [68, 69]. The 
second mechanism is the monomer insertion type mechanism where the catalyst acts 
as co-initiator along with either purposely added or adventitious hydroxyl impurities, 
and polymerization proceeds though an activated stannous alkoxide bond [70,71].  
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(2.5) 
Kricheldorf and co-workers have recently illustrated how the structure of the alcohol 
initiator may influence the strength of the catalyst/alcohol interaction [69, 71].  
According to these authors, this interaction, in the early stages of reaction, is 
responsible for formation of the ―true‖ initiating species, subsequent ring opening, 
and formation of the active, propagating chain end. Prior to the beginning of 
polymerization, adventitious hydroxyfunctional impurities (e.g., water) or purposely 
added alcohol first complex and subsequently react with Sn(Oct)2 producing a 
stannous alkoxide species (a) and free 2-ethylhexanoic acid (b) as shown in 2.5. 
Further reaction with a second equivalent of alcohol produces the stannous 
dialkoxide initiator (c) and releases a second equivalent of 2-ethylhexanoic acid (b) 
as depicted in 2.5 [71, 72]. Adventitious water, meanwhile, serves mainly as a 
catalyst deactivator via a reversible reaction with a or c, thereby decreasing the 
concentration of active initiator and producing a stannous alcohol derivative (d), 
such as shown in 2.5, which is more thermodynamically stable than the stannous 
dialkoxide and is less efficient as an initiator [71]. 
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(2.6) 
Reaction of c with monomer by means of coordination- insertion generates the first 
actively propagating chain end (e) consisting of not only the initiating alcohol 
fragment but also the active propagating center derived from the first monomer unit 
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and stannous alkoxide. The e species may either propagate or undergo rapid 
intermolecular exchange of the stannous alkoxide moiety for a proton from either 
hydroxyl groups of initiator (if remaining) or another hydroxy chain end, either e or 
polymeric in nature. This rapid exchange of protons and stannous alkoxide moieties 
results in a dynamic equilibrium between activated and deactivated chain ends as 
depicted in 2.6, where R= unreacted alcohol initiator or hydroxy chain ends 
generated in situ. This process eventually consumes the remaining unreacted alcohol 
initiator not involved in the initial formation of c. ROP based on coordination-
insertion mechanism has been thoroughly investigated since it may yield well-
defined polyesters through living polymerization [62, 73]. 
In such coordination-insertion polymerizations the efficiency of the molecular-
weight control depends from the ratio kpropagation/kinitiation but also from the extent of 
transesterification side reactions. These transesterification reactions can occur both 
intramolecularly (backbiting leading to macrocyclic structures and shorter chains) 
and intermolecularly (chain redistributions) (2.7-2.8) [74]. Intermolecular 
transesterification reactions modify the sequences of copolylactones and prevent the 
formation of block co-polymers. Intramolecular transesterification reactions cause 
degradation of the polymer chain and the formation of cyclic oligomers.  
The polymerization/depolymerization equilibrium should also be taken into account 
as a particular case of intramolecular transesterification reaction. All of these side 
reactions result in broader molecular-weight distributions, sometimes making the 
molecular weights of the resulting polymers irreproducible. The extent of these 
undesirable transesterification reactions was found to strongly depend on the metallic 
initiator [64]. Side reactions occur from the very beginning of the polymerization 
with Sn(Oct)2, leading to rather broad MWD (PDI indexes around 2) but only at high 
or even complete conversion with Al(Oi-Pr)3, yielding lower PDI indexes (less than 
1.5) [64,75].  
Parameters that influence the number of transesterifications are temperature, reaction 
time, and type and concentration of catalyst or initiator. Depending on the metal 
used, the initiator is more or less active towards transesterification reactions [75].  
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The promising results obtained with Sn(Oct)2, Al(Oi-Pr)3, and Zn(Lact)2 have given 
rise to a growing interest in metal-based initiators that would display higher catalytic 
activity and better control the extent of the undesirable transesterification reactions. 
2.1.2.4 Poly(ε-caprolactone)   
Poly(ε-caprolactone) (PCL) is a semicrystalline polymer which represents one of 
several aliphatic polyesters that undergo degradation and absorbtion in vivo [76, 77]. 
The repeating molecular structure of PCL homopolymer consists of five non-polar   
methylene groups and a single relatively polar ester group. Although not produced 
from renewable raw materials, PCL is a fully biodegradable thermoplastic polymer 
due to the presence of the hydrolytically unstable aliphatic-ester linkage. PCL has 
good water, oil, solvent and chlorine resistance.  
PCL has some unusual properties, including a low Tg (~ –60 °C) and Tm (~ 60 °C) 
and a high thermal stability. These properties are related to PCL‘s chain of carbons, 
as longer chains are give rise to less mobility and lower Tm‘s and Tg‘s. PCL is also 
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highly permeable, which results from its low Tg and subsequent rubbery state at 
room temperature. 
PCL is one of biodegradable polymers which have been used to prepare functional 
materials [78]. Copolymers containing poly(ε-caprolactone) (PCL) are especially 
interesting because they are miscible with a wide range of polymers, and they have 
features like crystallizability, lack of toxicity, ability to disperse pigments, low-
temperature adhesiveness, and printability [79]. 
PCL has been increasingly studied  in the scientific community and applied for drug 
delivery and tissue engineering [80]. Owing to its high crystallinity and strong 
hydrophobicity of polymer backbone, PCL homopolymer usually show slow 
biodegradation  and drug-release rate [81]. 
PCL is compatiable with numerous other polymers, has the possibility of blending 
this aliphatic polyester with a number of commercial polymers such as poly(vinyl 
chloride) and bisphenol A polycarbonate.  PCL is of interest as a packaging material 
and in biomedical applications since it is degradable and its degredation products are 
non-toxic. PCL and other copolymers have been evaluated for medical uses such as 
drug delivery systems, an external casting material for broken bones, as a material 
for use in making custom dental impression trays. 
In addition to above, it is used mainly in thermoplastic polyurethanes, resins for 
surface coatings, adhesives and synthetic leather and fabrics. It also serves to make 
stiffeners for shoes and orthopedic splints, and fully biodegradable compostable 
bags, sutures, and fibres. Because the homopolymer has a degradation time on the 
order of 2 years, copolymers have been synthesized to accelerate the rate of 
bioabsorption. In Sweden there has been an attempt to produce PCL bags, but they 
degraded before reaching the customers. 
2.2 Click Chemistry  
―Click chemistry‖ is a chemical term introduced by Sharpless in 2001  and describes 
chemistry tailored to generate substances quickly and reliably by joining small units 
together [19]. Click chemistry can be summarized only one sentence: Molecules that 
are easy to make. Sharpless also introduced some criteria in order to fullfill the 
requirements as reactions that: are modular, wide in scope, high yielding, create only 
inoffensive by-products, are stereospecific, simple to perform and that require benign 
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or easily removed solvent. Nowadays there are several processes have been 
identified under this term in order to meet these criterias such as nucleophilic ring 
opening reactions; non-aldol carbonyl chemistry; thiol additions to carbon–carbon 
multiple bonds (thiol-ene and thiol-yne); and cycloaddition reactions. Among these 
selected reactions, copper(I)-catalyzed azide-alkyne (CuAAC) and Diels-Alder (DA) 
cycloaddition reactions and thiol-ene reactions have gained much interest among the 
chemists not only the synthetic ones but also the polymer chemists.  
2.2.1 Diels-Alder reaction 
 The Diels-Alder (DA) reaction is a concerted [4π+2π] cycloaddition reaction of a 
conjugated diene and a dienophile. This reaction is one of the most powerful tools 
used in the synthesis of important organic molecules. The three double bonds in the 
two starting materials are converted into two new single bonds and one new double 
bond to afford cyclohexenes and related compounds (equation 2.9). This reaction is 
named for Otto Diels and Kurt Alder, who received the 1950 Nobel prize for 
discovering this useful transformation [82-84]. 
 
(2.9) 
 Typically, the DA reaction works best when either the diene is substituted with 
electron donating groups (like -OR, -NR2, etc) or when the dienophile is substituted 
with electron-withdrawing groups (like -NO2, -CN, -COR, etc) [85]. 
2.2.1.1 Stereochemistry of Diels-Alder reaction 
There are stereochemical and electronic requirements for the DA reaction to occur 
smoothly. First, the diene must be in an s-cis conformation instead of an s-trans 
conformation to allow maximum overlap of the orbitals participating in the reaction 
(equation 2.10).  
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(2.10) 
The ―s‖ in s-cis and s-trans refers to ―sigma‖, and these labels describe the 
arrangement of the double bonds around the central sigma bond of a diene. Dienes 
often exist primarily in the lower energy s-trans conformation, but the two 
conformations are in equilibrium with each other. The s-cis conformation is able to 
react in the DA reaction and the equilibrium position shifts towards the s-cis 
conformer to replenish it. Over time, all the s-trans conformer is converted to the s-
cis conformer as the reaction proceeds.  
A unique type of stereoselectivity is observed in DA reactions when the diene is 
cyclic. In the reaction of maleic anhydride with cyclopentadiene, for example, the 
endo isomer is formed (the substituents from the dienophile point to the larger 
bridge) rather than the exo isomer (the substituents from the dienophile point away 
from the larger bridge) (equation 2.11).  
The preference for endo–stereochemistry is ―observed‖ in most DA reactions. The 
fact that the more hindered endo product is formed puzzled scientists until 
Woodward, Hoffmann, and Fukui used molecular orbital theory to explain that 
overlap of the p orbitals on the substituents on the dienophile with p orbitals on the 
diene is favorable, helping to bring the two molecules together [86, 87].  
 
(2.11) 
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Hoffmann and Fukui shared the 1981 Nobel Prize in chemistry for their molecular 
orbital explanation of this and other organic reactions. In the illustration below, 
notice the favorable overlap (matching light or dark lobes) of the diene and the 
substituent on the dienophile in the formation of the endo product (equation 2.12):  
 
(2.12) 
Oftentimes, even though the endo product is formed initially, an exo isomer will be 
isolated from a DA reaction. This occurs because the exo isomer, having less steric 
strain than the endo, is more stable, and because the DA reaction is often reversible 
under the reaction conditions. In a reversible reaction, the product is formed, reverts 
to starting material, and forms again many times before being isolated. The more 
stable the product, the less likely it will be to revert to the starting material. If the 
reaction is not reversible under the conditions used, the kinetic product will be 
isolated. However, if the first formed product is not the most stable product and the 
reaction is reversible under the conditions used, then the most stable product, called 
the thermodynamic product, will often be isolated.  
2.2.2 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)  
Huisgen‘s 1,3-dipolar cycloaddition of alkynes and azides yielding triazoles is, 
undoubtedly, the premier example of a click reaction [88]. Recently, 1,3-dipolar 
cycloadditions, such as reactions between azides and alkynes or nitriles, have been 
applied to macromolecular chemistry, offering molecules ranging from the block 
copolymers to the complexed macromolecular structures [89]. 
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Sharpless and co-workers have identified a number of reactions that meet the criteria 
for click chemistry, arguably the most powerful of which discovered to date is the 
Cu(I)-catalyzed variant of the Huisgen 1,3-dipolar cycloaddition of azides and 
alkynes to afford 1,2,3-triazoles [90]. Because of Cu(I)-catalyzed variant of the 
Huisgen 1,3-dipolar cycloaddition of azides and alkynes reactions‘ quantitative 
yields, mild reaction condition, and tolerance of a wide range of functional groups, it 
is very suitable for the synthesis of polymers with various topologies and for polymer 
modification [91]. Because of these properties of Huisgen 1,3-dipolar cycloaddition, 
reaction is very practical. Moreover, the formed 1,2,3-triazole is chemically very 
stable [92]. 
In recent years, triazole forming reactions have received much attention and new 
conditions were developed for the 1,3-dipolar cycloaddition reaction between 
alkynes and azides [93]. 1,2,3-triazole formation is a highly efficient reaction without 
any significant side products and is currently referred to as a click reaction [94]. 
Copper(I)-catalyzed reaction sequence which regiospecifically unites azides and 
terminal acetylenes to give only 1,4-disubstituted 1,2,3 triazoles (2.13). 
 
(2.13) 
In fact, the discovery of Cu(I) efficiently and regiospecifically unites terminal 
alkynes and azides, providing 1,4-disubstituted 1,2,3-triazoles under mild conditions, 
was of great importance. On the other hand, Fokin and Sharpless proved that only 
1,5-disubstituted 1,2,3-triazole was obtained from terminal alkynes when the catalyst 
switched from Cu(I) to ruthenium(II) [92]. 
2.3 Star Polymers  
Polymer properties are influenced by their structure and topology. Therefore,         
the synthesis of complex macromolecular architectures to control polymer properties 
is an ongoing field of study in polymer science. Branching in polymers is a useful 
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structural variable that can be used advantageously to modify polymer physical 
properties and the processing characteristics as a result of changing the melt, 
solution, and solid-state properties of polymers [95]. It has been shown that 
branching results in a more compact structure in comparison to linear polymers of 
similar molecular weight, due to their high segment density, which affects the 
crystalline, mechanical, and viscoelastic properties of the polymer. A branched 
polymer structure was described as a nonlinear polymer comprised of molecules with 
more than one backbone chain radiating from branch points (junction points; atoms 
or small group from which more than two long chains emanate) [96]. Star polymers 
constitute the simplest form of branched macromolecules where all the chains as arm 
segments of one molecule are linked to a centre (Figure 2.1).  
 
Figure 2.1: Illustration of a star polymer. 
Based on the chemical compositions of the arm species, star polymers can be classified 
into two categories (Figure 2.2): homoarm (or regular) star polymer and miktoarm (or 
heteroarm) star copolymer [97, 98]. Homoarm star polymers consist of a symmetric 
structure comprising radiating arms with similar molecular weight and identical 
chemical composition. In contrast, a miktoarm star molecule contains two or more arm 
species with different chemical compositions and/or molecular weights [99].  
 
Figure 2.2: Illustration of star polymer categories. 
 
  
  
23 
2.3.1 Preparation of star polymers  
The methodology of living polymerization is ideally suited for the preparation of star 
polymers since it is possible to vary and control important structural parameters such 
as molecular weight, molecular weight distribution, copolymer composition and 
microstructure, tacticity, chain end functionality and the number of branches per 
molecule. Because termination and chain transfer reactions are absent and the chain-
ends may be stable for sufficient time periods, these polymerizations have the 
following useful synthetic attributes for star polymer synthesis: 
I. One polymer is formed for each initiator molecule, so that the number average 
molecular weight of polymers or block segments can be predicted from the reaction 
stoichiometry. Multifunctional initiators with functionality n can form stars with n 
arms. 
II. If the rate of initiation is rapid or competitive with the rate of propagation, 
polymers  with narrow molecular weight distributions are formed [100]. 
III. When all of the monomer has been consumed, the product is a polymer with 
reactive chain ends that can be participate in a variety of post polymerization 
reactions: 
a. block copolymerization by addition of a second monomer, and/or 
b. end-linking with multifunctional linking agents to form the corresponding star 
polymers with uniform arm lengths. 
There are three general synthetic methods for the preparation of star-shaped 
polymers. These methods have been based on two approaches: arm-first and core-
first. 
I. End linking with multifunctional linking agent (arm-first), 
II. Use of multifunctional initiators (core-first), 
III. Use of difunctional monomers (arm-first). 
2.3.1.1 End Linking with Multifunctional Linking Agent ( Arm-First Method) 
In the first method, referred to as the ―arm-first‖ method, monofunctional living 
chains of known length and low polydispersity are used as precursor. Subsequently, 
the active sites located at chain end are reacted with a compound carrying a number 
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of appropriate reactive functions, whereupon chemical links are formed. The number 
of arms corresponds to the functionality of the linking agent as shown in figure: 2.3. 
The precursor chains become the star branches, and the linking agent becomes the 
core. 
 
Figure 2.3: Illustration of the synthesis of star polymers by arm-first method. 
The main advantage of this method is that the arms of the resulting star polymer are 
well-defined because the precursor arms can be characterized independently from the 
star. Because of the well-defined arms, the number of arms can be readily determined 
by measuring the molecular weight of the star. In principle, a variety of well defined, 
star polymers with different numbers of arms can be prepared using this 
methodology by varying the functionality of the linking agents. Disadvantages of the 
method can be considered the sometimes long time required for the linking reaction 
and the need to perform fractionation in order to obtain the pure star polymer, since 
in almost all cases a small excess of the living arm is used in order to ensure 
complete linking.   
2.3.1.2 Use of multifunctional initiators (core-first method) 
The ―core-first‖ method involves the use of a multifunctional initiator (core). The 
number of arms per star polymer is determined by the number of initiating 
functionalities on each initiator (Figure 2.4). There are several requirements that a 
multifunctional initiator has to fulfill in order to produce star polymers with uniform 
arms, low molecular weight distribution, and controllable molecular weights. All the 
initiation sites must be equally reactive and have the same rate of initiation. 
Furthermore, the initiation rate must be higher than the propagation rate [97]. 
  
  
25 
2.3.1.3 Use of difunctional monomers (arm-first method) 
In this method, a living polymer precursor is used as macroinitiator for the 
polymerization of a small amount of a suitable cross-linker, such as ethylene glycol 
dimethacrylate (EGDM) or divinyl benzene (DVB) [101]. Microgel nodules of 
tightly cross-linked polymer are formed upon the polymerization. These nodules 
serve as the branch point from which the arms emanate (Figure 2.5).  
 
Figure 2.5: Illustration of the synthesis of star polymers by ―arm-first‖ method. 
The functionality of the stars prepared by this method can be determined by 
molecular weight measurements on the arms and the star product, but it is very 
difficult to predict and control the number of arms. The average number of arms 
attached to a star core depends on several experimental parameters, including the 
degree of polymerization (DP) and composition of the arm precursor, the chemical 
nature of cross-linker, the amount of cross-linker. Incomplete incorporation of linear 
arm precursors into the formed star is a common problem in this ―arm-first‖ method, 
which could be explained by the loss of chain-end initiating sites or a buildup of 
steric hindrance around the core, as the coupling reactions proceed [6]. 
 
Figure 2.4: Illustration of  the synthesis of star and star block copolymers by ―core-
first‖ method. 
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2.3.2 Miktoarm star polymers  
The term ―miktoarm‖ has been attributed to star polymers with three or more arms, at 
least two of which are molecularly and chemically different (chemical asymmetry). 
Miktoarm is a combination of Greek miktos, meaning ―mixed‖, and arm. This term 
was proposed by Hadjichristidis in 1992  and was widely accepted by the other 
research groups all over the world [102]. Although, the terms heteroarm star and 
AnBm-type star were also used for these types of star structures, miktoarm star (μ-
star) will be used throughout this work to refer to star polymers with corresponding 
structure.    
The most common examples of miktoarm stars are the A2B, A3B, A2B2, AnBn (n > 2) 
and ABC types. Other less common structures, like the ABCD, AB5, and AB2C2 are 
also available (Figure 2.6). 
 
Figure 2.6: Illustration of miktoarm star polymers structures where each letter 
represents different polymeric arms. 
2.3.3 Synthesis of miktoarm star polymers by combination of controlled 
polymerization methods 
The synthesis of miktoarm star polymers by controlled polymerization methods can 
be accomplished by those explained for the synthesis miktoarm star polymers by 
anionic polymerization. Although miktoarm star polymers have been synthesized 
mainly by the anionic polymerization, the recent development in the CRP has 
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brought about a drastic change in the synthetic methodology for miktoarm star 
polymers for the last 5 years [3, 5, 10, 103-111]. 
The mechanism of divinyl compound method is shown in figure 2.7. Firstly, a few 
units of divinyl reagents add to the reactive macroinitiators (arms) to form short 
block copolymers with hanging vinyl groups. Then, the reactive macroinitiator chain 
ends react with the hanging vinyl groups to form a microgel core or add to a 
sterically accessible star core. Finally, core–core coupling reaction can occur to form 
a higher-order star polymer. The star polymer thus obtained still carries a number of 
active sites within its microgel core, which is theoretically equal to the number of 
incorporated arms of the star polymer. These ‗core‘ active sites can initiate the living 
polymerization of another monomer to grow new arms from the core, yielding a 
miktoarm star polymer with AnBn type. Using this method, miktoarm star polymers 
have been synthesized also by CRP methods [3,5,12,50]. In the following, the 
readers can find a historical background for the preparation of miktoarm star 
polymers based on controlled polymerization methods and combination of those. 
*
R
R R
*
*
R R
R R R
*
Polymer Linking
Divinyl compound
Star-star coupling
* = active center
 
Figure 2.7: The mechanism of divinyl compound and star coupling. 
 
 
 
  
  
28 
2.3.3.1 Synthesis of miktoarm star polymers by Atom Transfer Radical 
Polymerization (ATRP) 
In 2003, Matyjaszewski reported the synthesis of miktoarm star polymer by arm-first 
approach using ATRP [112]. The coupling of living PtBA arms with DVB and 
subsequent growth of poly(n-butyl acrylate), PBA arms from the core gave multiarm 
(PtBA)n-(PBA)n miktoarm star polymer (2.14).  
X
R
R R
X
Polymer Linking monomer 2
PtBA
nBA
X
X
X
X
X
X
X
X
X
X
X
X
X= Br
 
 
 
(2.14) 
Using the same methodology, Chen and coworkers  prepared (PCL)n-(PS)n  
miktoarm star polymer by ATRP [113]. For this purpose, they first synthesized PCL 
star polymer with a cross-linked microgel core by ATRP of DVB using mono-2-
bromoisobutyryl PCL ester as a macroinitiator. Then (PCL)n-(PS)n miktoarm star 
polymer was produced subsequently by grafting PS from the core of PCL star 
polymer in which the initiating groups were inherited from PCL star formation using 
ATRP as shown in 2.15.  
PCL
O
O
Br
Br
BrBr
Br
Br Br
ATRP
DVB
ATRP
St
PCL Star PCL-PS Star
PS  
 
(2.15) 
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2.3.3.2 Synthesis of miktoarm star polymers by combination of ATRP and Ring 
Opening Polymerization (ROP) 
Hedrick and coworkers  reported the production of miktoarm star copolymers with 
alternating PCL and PMMA arms from miktofunctional initators using consecutive 
ATRP and living ring opening polymerization (ROP) via core-first approach [114]. 
The key to this technique is the initiator molecule, since it determines the structure of 
the resulting copolymer. They employed a building block containing initiating sites 
for both ROP and ATRP (2.16). Coupling of this building block to a multifunctional 
core leads to a multiarm initator with initiating sites arranged in an alternating 
fashion for the synthesis of corresponding miktoarm star copolymer as illustrated in 
2.16.  
OH
O
O
O O
O
O
O
Br
OH
O
Br
O O
OHOO
Br
1. ROP (PCL)
2. ATRP (PMMA)
PCL
PMMA
 
(2.16) 
The same methodology can also be applied for the preparation of other types of 
miktoarm star structures such as AB2 μ-stars by differentiation of the building   
block. Erdogan et al.  have reported the facile synthesis of AB2 type miktoarm star 
  
  
30 
copolymers with PCL and PtBA or PMMA arms by combination of ROP and ATRP 
processes [108]. They employed a novel miktofunctional intiator (2.17) possessing  
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CH
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C CH Br
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PCL(PtBA)2
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(2.17) 
one initiating site for ROP and two initiating sites for ATRP. The successive ROP 
and ATRP processes yield the desired AB2 miktoarm star polymer (2.17). The details 
of this work will be represented in the results and discussions part of this book. The 
described core-first approach provides another level of control to the preparation of 
miktoarm star polymers by employing different miktofunctional initiators.   
2.3.3.3 Synthesis of miktoarm star polymers by combination of ROP, NMP and 
ATRP 
As can be defined previously, ABC miktoarm star polymers are molecules composed 
of three different polymer chains emanating from a central junction point. The 
synthesis of ABC miktoarm star polymers by combination of three different 
controlled polymerization methods either radical or nonradical provides a 
fundamentally synthetic methodology. Tunca  and Zhao  reported independently, in 
2004, that a novel trifunctional initiator bearing a hydroxy group (for ROP), tertiary 
bromide (for ATRP) and TEMPO (for NMP) could be used in the preparation of 
ABC miktoarm star polymer composed of PCL, PtBA or PMMA and PS arms [115, 
116]. The thermal properties of (PCL)(PS)(PtBA) miktoarm star polymers have been 
also investigated [115]. The synthetic strategy followed for the preparation of 
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(PCL)(PS)(PtBA) and (PCL)(PS)(PMMA) miktoarm stars will be represented in the 
results and discussions part of this book. 
2.4 Amphiphilic Star Block Copolymers 
Amphiphilic block copolymers with hydrophilic and hydrophobic segments have 
been investigated extensively not only because of their unique self-organization 
characteristics but also for their wide range of potential applications such as drug 
delivery and separations technology [117]. At an aqueous interface, the amphiphilic 
property of block copolymers composed of hydrophilic and hydrophobic segments 
can cause the distal end of the hydrophilic chain to extend into the bulk aqueous 
solution, anchoring the hydrophilic block to the substrate surface through 
hydrophobic segments [118]. Amphiphilic block copolymers form micelles and 
hollow spheres having unique characteristics, such as nanosize, core-shell 
architecture, and low critical micelle concentration, and find potential applications as 
nanoreactors, nanoreservoirs, gene delivery vehicles, and reaction media for 
biocatalysis [119]. In an aqueous solution, micelles with core-shell structure are 
formed through the segregation of insoluble blocks into the core, which is 
surrounded by hydrophilic shell composed of hydrophilic blocks [120]. In general, 
drugs can be loaded into the hydrophobic cores of the micelles, which lowers their 
toxicity in the human body and prolongs their circulation time in the blood [121]. 
The use of block polymer micelles as drug-delivery vehicles, namely, micellar drug-
delivery systems, was proposed in the 1980s with the aim to improve the curative 
effect of sparingly soluble pharmaceuticals [122]. The micellar characteristics of 
amphiphilic diblock copolymers depend on the nature of each block. The surface 
properties of self-organized micelles would be highly dependent on the structure of 
hydrophilic block. For example, poly(ethylene oxide) (PEO) block would provide a 
biocompatible surface environment for micellar aggregates. On the other hand, the 
micellar core characteristics would be determined by the structure of hydrophobic 
blocks  [123]. 
Amphiphilic star-shaped block copolymers have recently attracted much attention 
because these polymers can behave as unimolecular micelles or be designed to 
exhibit a very low critical aggregation concentration (CAC) [124]. So far, several 
amphiphilic star-block copolymers have been synthesized including star-
  
  
32 
poly(ethylene oxide)-block-poly(styrene) [125], star-poly(methyl vinyl ether)-block-
poly(isobutylene) [126], star-poly(2,3-dihydroxypropylacrlate)-block-poly(methyl 
methacrylate) [127], star-poly(ethylene glycol)-block-poly(isobutylene) [128] and 
star-poly(methacrylic acid)-block-poly(isobutylene) [129]. However, star-block 
copolymers comprising hydrophobic biodegradable and hydrophilic biocompatible 
segments are of particular interest, especially for biomedical applications. 
Choi et al. [130] synthesized star-poly(ethylene oxide)-block-poly(L-lactic acid) 
(star-PEO-b-PLA) and star-PEO-block-poly(ε-caprolactone) (star-PEO-b-PCL) by 
initiating ring-opening polymerization of L-lactide and ε-caprolactone, respectively, 
with four and eight arm  PEO at 110 
o
C in the bulk. Hedrick et al. [131] reported 
combination of ring-opening and atom transfer radical polymerization (ATRP). 
These authors synthesized dendrimer like multiarm  poly(ε-caprolactone)-2-
bromoisobutyrate which was used as macroinitiator in ATRP of 2-hydroxyethyl 
methacrylate and PEG-methacrylate, respectively.   
 
Figure 8: Dilute solution of block copolymers into spherical micelles [132]. 
2.5 Nanoparticle Carriers based on Amphiphilic Polymers for Drug Delivery 
Polymeric micelles from amphiphilic block copolymers [133, 134] are 
supramolecular core-shell-type assemblies of tens of nanometers in diameter, which 
can mimic naturally occuring biological transport systems such as lipoproteins and 
viruses [135]. Recently, polymeric micelles as carriers of anti-tumor drugs have 
drawn increasing research interests, due to their various  advantages in drug delivery 
applications. First, polymeric micelles are highly stable in aqueous solution because 
of their intrinsic low critical micelle concentration (CMC), which prevents the drug-
entrapped micelles from  dissociation upon dilution in the blood stream after 
intravenous injection. Furthermore, the nanosize of polymeric micelles can facilitate 
their extravasations at tumor sites while avoiding renal clearance and nano-specific 
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reticuloendothelial uptake. In these micellar delivery systems, the hydrophobic core 
of the micelles is a carrier compartment that accommodates anti-tumor drugs, and the 
shell consists of a brush-like protective corona that stabilizes the nanoprticles in 
aqueous solution [135-137]. 
Recently, more and more attention has been paid for applying biodegradable 
polymers, especially aliphatic polyesters such as poly(ε-caprolactone) (PCL), 
polylactide (PLA), and polyglycolide (PGA), as biomaterials due to their 
biocompatibility, degradability, and excellent shaping and molding properties. PCL 
is a kind of  biodegradable materials with low toxicity, excellent biocompatibility  
and bioabsorbability in vivo. It has been widely used in biomedical applications, 
such as sustained drug delivery systems, implants for orthopedic devices and 
absorbable fibers. However, the low hydrophilicity and high crystallinity of PCL 
reduce its degradation rate, which results in poorer soft tissue compatibility [137-
139]. 
Anti-tumor drug, doxorubicin (DOX), is widely used in cancer chemotheraphy. 
Major drawbacks of the drug is the acute toxicity to normal tissue and inherent multi-
drug resistance effect. To reduce the acute toxicity of the free drug and improve their 
therapeutic efficacy, various liposome [140] and polymeric micelle systems were 
designed as delivery vehicles. The use of polymeric micelles as carriers of anticancer 
drugs has advanced greatly by the work of some researchers [141]. 
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3.  EXPERIMENTAL WORK 
3.1 Materials 
-Caprolactone (-CL, 99%, Aldrich) was dried over CaH2 and distilled in vacuum 
prior to use. Succinic anhydride (97%, Aldrich), 9-anthracenemethanol (97%, 
Aldrich), α-bromoisobutryl bromide (98%, Aldrich), triethylamine (Et3N, 99.5%, 
Aldrich), N,N’-dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-
dimethylaminopyridine (DMAP, 99%, Aldrich), tin(II)-2-ethylhexanoate (Aldrich, 
98%), divinylbenzene (DVB, 80%, Aldrich), CuBr (99.9%, Aldrich), was used as 
received. N, N, N‘, N‖, N‖-pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich) 
was distilled over NaOH prior to use. Poly(ethylene glycol) monomethylether (Me-
PEG-OH, Mn = 2000 and 5000, Fluka ) were dried by azeotropic distillation with 
anhydrous toluene. Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled 
from benzophenone-Na. Dichloromethane (CH2Cl2, 99%, J. T. Baker  ) was dried 
and distilled over and P2O5. Diethyl ether (99.7%, Aldrich), 1.4-dioxane (99.8%, 
Aldrich), toluene (99.8%, Aldrich), methanol (99.8%, Aldrich) were used without 
further purification. Ethyl acetate (EtOAc) and hexane were in technical grade and 
distilled prior to use.  
3.2 Instrumentation 
The 
1
H (250 MHz) spectra was recorded on a Bruker NMR AC 250 Spectrometer in 
CDCl3. The conventional Gel Permeation Chromatography (GPC) measurements 
were carried out with an Agilent instrument (Model 1100) consisting of a pump, 
refractive index, and UV detectors. Four Waters Styragel columns (HR 5E, HR 4E, 
HR 3, HR 2), (4.6 mm internal diameter, 300 mm length, packed with 5 μm 
particles) were used in series. The effective molecular weight ranges were 2000- 
4.000.000, 50-100.000, 500-30.000, and 500–20.000, respectively. THF was used as 
eluent at a flow rate of 0.3 mL/min at 30 °C. Toluene was used as an internal 
standard. The molecular weights of the polymers were calculated on the basis of 
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linear PS standards (Polymer Laboratories). The second GPC system with an Agilent 
model isocratic pump, four Waters Styragel columns (guard, HR 5E, HR 4, HR 3, 
and HR 2), a Viscotek TDA 302 triple detector (RI, dual laser light scattering (LS) (λ 
= 670 nm, 90° and 7°) and a differential pressure viscometer) (TD-GPC) was 
conducted to measure the absolute molecular weights in THF with a flow rate of 0.5 
mL/min at 35 °C. All three detectors were calibrated with a PS standard having 
narrow molecular weight distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, [η] = 
0.519 dL/g at 35 °C in THF, dn/dc = 0.185 mL/g) provided by Viscotek company. 
Typical sample concentrations for GPC-analysis were in the range of 2–8 mg/mL 
depending on molecular weight of analyzed polymers. Data analyses were performed 
with OmniSec 4.5 software from Viscotek Company. 
DVB conversion was determined using the Agilent 6890N gas chromatograph, 
equipped with an FID detector using a wide-bore capillary column (HP5, 30 m x 
0.32 mm x 0.25μm, J&W Scientific). Injector and detector were kept constant at 280 
and 285 ºC, respectively. UV spectra were recorded on a Shimadzu UV-1601 
spectrophotometer in CH2Cl2.  
3.3 Synthesis methods 
4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) [142], 4-(2-hydroxyethyl)-10-
oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (2) [142] were prepared according 
to published procedures. 
3.3.1 Synthesis of 4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) 
Maleic anhydride (60.0 g, 0.6 mol) was suspended in 150 mL of toluene and the 
mixture warmed to 80 °C. Furan (66.8 mL, 0.9 mol) was added via syringe and the 
turbid solution was stirred for 6 h. The mixture was then cooled to ambient 
temperature white solids formed during standing were collected by filtration and 
washed with 2 × 30 mL of petroleum ether and once with diethyl ether (50 mL) 
afforded 1 as white needless. Yield: 80.2 g  (80%). Mp: 114-115 
o
C
 
(DSC). 
1
H NMR 
(CDCl3, δ) 6.57 (s, 2H, CH=CH, bridge protons), 5.45 (s, 2H, -CHO, bridge-head 
protons), 3.17 (s, 2H, CH-CH, bridge protons).  
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3.3.2 Synthesis of 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-
3,5-dione (2) 
The adduct 1 (10.0 g, 60.0 mmol ) was suspended in methanol ( 150 mL ) and the 
mixture cooled to 0 °C. A solution of ethanolamine (3.6 mL, 60.0 mmol) in 30 mL of 
methanol was added dropwise (10 min) to the reaction mixture, and the resulting 
solution was stirred for 5 min at 0 °C, then 30 min at ambient temperature, and 
finally refluxed for 6 h. After cooling the mixture to ambient temperature, solvent 
was removed under reduced pressure, and residue was dissolved in 150 mL of 
CH2Cl2 and washed with 3 × 100 mL of water. The organic layer was separated, 
dried over Na2SO4 and filtered. Removal of the solvent under reduced pressure gave 
white-off solid which was further purified by flash chromatography eluting with 
ethylacetate (EtOAc) to give the product  as a white solid. Yield: 6.7 g (50%). Mp = 
138-139 C (DSC). 1H NMR (CDCl3, δ) 6.51 (s, 2H, CH=CH, bridge protons), 5.26 
(s, 2H, -CHO, bridge-head protons), 3.74-3.68 (m, 4H, NCH2CH2OH), 2.88 (s, 2H, 
CH-CH, bridge protons).  
3.3.3 Synthesis of 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-yl)carbonyl]amino} 
ethoxy)-4-oxobutanoic acid  (3) 
2 (5 g, 23.9 mmol) was dissolved in 150 mL of 1,4-dioxane. To the reaction mixture 
were added Et3N (16.58 mL, 119.6 mmol), DMAP (4.38 g, 35.8 mmol), and succinic 
anhydride (9.56 g, 95.6 mmol) in that order. The reaction mixture was stirred for 
overnight at 50 
o
C, then poured into ice-cold water and extracted with CH2Cl2. The 
organic phase was washed with 1 M HCl, dried over Na2SO4 and concentrated. The 
crude product was crystallized from ethanol to give 3 as white crystal. Yield: 5.9 g 
(80%). M.p. = 122-123 
o
C (DSC). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH, bridge 
protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.25 (t, 2H, NCH2CH2OC=O), 
3.74 (t, 2H, NCH2CH2OC=O), 2.87 (s, 2H, CH-CH, bridge protons), 2.66-2.53 (m, 
4H, C=OCH2CH2C=OOH).  
3.3.4 Synthesis of anthracene end-functionalized PCL (Anth-PCL)  
Anthracene end-functionalized poly(ε-caprolactone) (anth-PCL) was prepared by 
ROP of -caprolactone (-CL) (5.0 mL, 0.047 mol) in bulk using tin(II)-2-
ethylhexanoate (Sn(Oct)2) as a catalyst and 9-anthracene methanol (0.20 g, 0.94 
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mmol) as an initiator at 110 °C for 3 h., The degassed monomer, catalyst, and 
initiator were added to a previously flamed schlenk tube equipped with a magnetic 
stirring bar in the order mentioned. The tube was degassed with three FPT, left in 
argon, and placed in a thermostated oil bath. After the polymerization, the mixture 
was diluted with THF, and precipitated into an excess amount of cold methanol. It 
was isolated by filtration and dried at 40 
o
C in a vacuum oven for 24 h. Yield: 4.4 g 
(82%). 
1
H NMR (CDCl3, δ) 8.50 (s, 1H, ArH of anthracene), 8.31 (d, 2H, ArH of 
anthracene), 8.01 (d, 2H, ArH of anthracene), 7.60-7.42 (m, 4H, ArH of anthracene), 
6.2 (s, 2H, CH2-anthracene), 4.0 (t, 2H, CH2OC=O of PCL), 3.60 (t, 2H, CH2OH, 
end-group of PCL), 2.2 (t, 2H, C=OCH2 of PCL), 1.2-1.8 (m, 6H, CH2 of PCL).  
3.3.5 Synthesis of α-anthracene and  ω-bromo functional PCL  
Anth-PCL (1.90 g, 0.48 mmol) and DMAP (0.295 g, 2.4 mmol) were dissolved in 50 
mL of CH2Cl2, and Et3N (0.7 mL, 4.8 mmol) was added. The reaction mixture was 
then cooled to 0 
o
C. 2-bromo isobutyryl bromide (0.5 mL, 4.8 mmol) was added 
dropwise within 30 minutes to this solution. The reaction mixture was stirred for 15 
min. at 0 
o
C then for overnight at room tempeature. The ammonium salt was filtered 
off and the solvent was evaporated under reduced pressure. The remaining residue 
was extracted with CH2Cl2, and saturated aqueous NaHCO3. The aqueous phase 
again extracted with CH2Cl2, and combined organic phases dried over Na2SO4. 
Excess CH2Cl2 was evaporated under reduced pressure and the remaining solution 
was precipitated into cold methanol. It was isolated by filtration and dried at 40 
o
C in 
a vacuum oven for 24 h. Yield: 2.1 g (85%). 
1
H NMR (CDCl3, δ) 8.50 (s, 1H, ArH of 
anthracene), 8.30 (d, 2H, ArH of anthracene), 8.00 (d, 2H, ArH of anthracene), 7.60-
7.45 (m, 4H, ArH of anthracene), 6.18 (s, 2H, CH2-anthracene), ( 4.0 (t, 2H, 
CH2OC=O of PCL), 2.3 (t, 2H, C=OCH2 of PCL), 1.90 (s, 6H, C(CH3)2-Br), 1.2-1.8 
(m, 6H, CH2 of PCL).  
3.3.6 Synthesis of multiarm anthracene end-functionalized (PCL)m-polyDVB 
star polymer (Core)   
α-anthracene and ω-bromo functional PCL macroinitiator (2 g, 0.356 mmol), anisole 
(18.0 mL), PMDETA (0.069 mL, 0.356 mmol), DVB (0.760 mL, 5.34 mmol), and 
CuBr (0.051 g, 0.356 mmol) were charged to a schlenk tube equipped with a 
magnetic stirrer bar under argon atmosphere. The first sample was quickly taken 
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from the reaction mixture for GC measurement, before the reaction mixture was 
degassed by using three FPT cycles. The reaction flask was back-filled with argon 
and immersed in a 110 °C oil bath. At timed intervals, samples were taken from the 
reaction mixture with argon purged-syringe under positive argon atmosphere. The 
samples were diluted with THF and purified by passing through short neutral 
alumina column to remove the copper salt and then filtered through 
poly(tetrafluoroethylene) (PTFE) filter (0.2 μm pore size) prior to GC and GPC 
analyses. After 17 h at 73 % of DVB conversion, the reaction was stopped via 
exposure to air. The polymerization mixture was diluted with THF, filtered through a 
column filled with neutral alumina to remove the copper complex and the star 
polymer was precipitated in methanol. The crude product was dissolved in THF, 
precipitated into methanol/diethyl ether (1/4; v/v) and dried under vacuum at 40 
o
C 
for 24 h.  
3.3.7 Synthesis of maleimide end-functionalized PEG (MI-PEG)  
Me-PEG (Mn  = 2000) (5.0 g, 2.50 mmol) was dissolved in 100 mL of CH2Cl2. To 
the reaction mixture were added DMAP (0.305 g, 2.50 mmol) and 3 (2.32 g, 7.50 
mmol) in that order. After stirring 5 min at room temperature, a solution of DCC 
(1.55 g, 7.50 mmol) in 10 mL of CH2Cl2 was added. Reaction mixture was stirred for 
overnight at room temperature. After filtration off the salt, the solution was 
concentrated and the viscous brown color product was purified by column 
chromatography over silica gel eluting with CH2Cl2/EtOAc mixture (1:1, v/v) and 
then with CH2Cl2/methanol (90:10, v/v) to obtain MI-PEG as viscous brown oil. 
Yield: 5.3 g (88%). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH as bridge protons), 
5.25 (s, 2H, -CHO, bridge-head protons), 4.23 (m, 4H, CH2OC=O), 3.75-3.51 (m, 
OCH2CH2 repeating unit of PEG, C=ONCH2, and CH2-PEG repeating unit), 3.36 (s, 
3H, PEG-OCH3), 2.87 (s, 2H, CH-CH, bridge protons) 2.61-2.56 (m, 4H, 
C=OCH2CH2C=O). 
3.3.8 Synthesis of multiarm (PEG)k-(PCL)m-polyDVB star block copolymer via 
Diels-Alder click reaction 
In a 100 mL of two-necked round bottom flask were added multiarm anthracene end-
functionalized (PCL)m-polyDVB (0.420 g, 0.914 umol, based on Mn,TD-GPC) star 
polymer and MI-PEG (0.21 g, 0.0914 mmol, based on Mn,TD-GPC) in 50 mL of 
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toluene. The mixture was bubbled with nitrogen for 30 min. at room temperature and 
then refluxed for 48 h under nitrogen in the dark. After that time, toluene was 
evaporated under high vacuum and the residual solid dissolved in THF, and 
subsequently precipitated into methanol. The obtained product was dried in a 
vacuum oven at 40 °C for 24 h. Yield: 0.24 g (57%). 
1
H NMR (CDCl3, δ) 7.2 (ArH 
of cycloadduct), 5.4 (br, 2H, cycloadduct-CH2OC=O), 4.78 (s, 1H, CH, bridge-head 
proton), 4.1 (repeating unit of PCL), 3.5 (OCH2CH2 repeating unit of PEG), 2.4-0.9 
(aliphatic protons of PCL and PEG). 
3.3.9 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (4) 
The 2,2-bis(hydroxymethyl)propanoic acid (8 g, 59.6 mmol) along with p-TSA (0.45 
g, 2.32 mmol), and 2,2-dimethoxypropane (11.2 mL, 89.4 mmol) dissolved in 40 mL 
of dry acetone, and stirred 2h at room temperature. In the vicinity of 2h, while 
stirring continued the reaction mixture was neutralized with 6 mL of totally NH4OH 
(25%), and absolute ethanol (1:5), filtered off by-products and subsequent dilution 
with dichloromethane (100 mL), and once extracted with distilled water (40 mL). 
The organic phase dried with Na2SO4, concantrated to yield 7.4 g (71%) as white 
solid after evaporation of the solvent. 
1
H NMR (CDCl3, δ) 4.18 (d, 2H, CCH2O), 
3.63 (d, 2H, CCH2O), 1.38 (s, 3H, CCH3) 1.36 (s, 3H, CCH3), 1.18 (s, 3H, 
C=OC(CH2O)2CH3). 
3.3.10 Synthesis of anthracen-9ylmethyl  2,2,5-trimethyl-[1,3]dioxane-5-
carboxylate (5) 
9-Anthracene methanol (2 g, 9.6 mmol) was dissolved in 50 mL of CH2Cl2 and 4 (2 
g, 11.5 mmol), and DMAP (1.17 g, 9.6 mmol) were added to the reaction mixture in 
that order. After stirring 5 minutes at room temperature, DCC (2.37 g, 11.5 mmol) 
dissolved in 20 mL of CH2Cl2 was added. Reaction mixture was stirred overnight at 
room temperature and urea byproduct was filtered. Then reaction mixture was 
extracted with water/ CH2Cl2 (1:4) two times and combined organic phase was dried 
with Na2SO4. Solvent was evaporated and the remaining product was purified by 
column chromatography over silica gel eluting with hexane/ethyl acetate (4:1) to 
give pale yellow oil (Yield = 2.97 g; 85 %).  
1
H NMR (CDCl3, δ) 8.50 (s, 1H, ArH of 
anthracene), 8.32 (d, 2H, ArH of anthracene), 8.02 (d, 2H, ArH of anthracene), 7.60-
7.45 (m, 4H, ArH of anthracene), 6.2 (s, 2H, CH2-anthracene), 4.14 (d, 2H, CCH2O), 
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3.58 (d, 2H, CCH2O), 1.38 (s, 3H, CCH3), 1.35 (s, 3H, CCH3), 1.08 (s, 3H, 
C=OC(CH2O)2CH3). 
3.3.11 Synthesis of anthracen-9ylmethyl  3-hydroxy-2-(hydroxymethyl)-2-
methylpropanoate (6) 
9-anthrylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate  (2.95 g, 8.1 mmol) was 
dissolved in a mixture of 20 mL of THF and 10 mL of 1 M HCl. The reaction 
mixture was stirred for 2 h at room temperature. The precipitated product was 
filtered off and reaction mixture was concentrated and extracted with 160 mL of 
CH2Cl2 and 40 mL of water. The combined organic phase was dried with Na2SO4 
and concentrated. Hexane was added to the reaction mixture and it was kept in deep 
freeze overnight to give white solid (Yield = 2.4 g, 91 %). 
1
H NMR (CDCl3, δ) 8.52 
(s, 1H, ArH of anthracene), 8.30 (d, 2H, ArH of anthracene), 8.03 (d, 2H, ArH of 
anthracene), 7.60-7.45 (m, 4H, ArH of anthracene), 6.2 (s, 2H, CH2-anthracene), 
3.85 (d, 2H, CH2OH), 3.66 (d, 2H, CH2OH), 2.17(br, 2H, OH), 1.01 (s, 3H, CCH3).  
3.3.12 Synthesis of anthracene end-functionalized (PCL)2   
Anth-(PCL)2 was prepared by ROP of -CL (5.0 mL, 0.047 mol) in bulk using 
tin(II)-2-ethylhexanoate as a catalyst and 6 (0.30 g, 0.94 mmol) as an initiator at 110 
°C for 9 h. The degassed monomer, catalyst, and initiator were added to a previously 
flamed schlenk tube equipped with a magnetic stirring bar in the order mentioned. 
The tube was degassed with three FPT, left in argon, and placed in a thermostated oil 
bath. After the polymerization, the mixture was diluted with THF, and precipitated 
into an excess amount of cold methanol. It was isolated by filtration and dried at 40 
o
C in a vacuum oven for 24 h. 
1
H NMR (CDCl3, δ) 8.50 (s, 1H, ArH of anthracene), 
8.30 (d, 2H, ArH of anthracene), 8.03 (d, 2H, ArH of anthracene), 7.60-7.47 (m, 4H, 
ArH of anthracene), 6.2 (s, 2H, CH2-anthracene), 4.0 (t, 2H, CH2OC=O of PCL), 
3.60 (t, 2H, CH2OH, end-group of PCL), 2.3 (t, 2H, C=OCH2 of PCL), 1.2-1.8 (m, 
6H, CH2 of PCL).  
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3.3.13 Synthesis of  miktoarm PEG-(PCL)2  star block copolymer via Diels-
Alder click reaction  
In a 100 mL of two-necked round bottom flask were added anth-(PCL)2 (1.0 g, 0.187 
mmol, based on Mn,TD-GPC) and MI-PEG (1.2 g, 0.224 mmol, based on Mn,TD-
GPC) in 75 mL of toluene. The mixture was bubbled with nitrogen for 30 min. at 
room temperature and then refluxed for 48 h under nitrogen in the dark. After that 
time, toluene was evaporated under high vacuum and the residual solid dissolved in 
THF, and subsequently precipitated into methanol. The obtained product was dried in 
a vacuum oven at 40 °C for 24 h. Yield: 1.2 g (60%). 
1
H NMR (CDCl3, δ) 7.2 (ArH 
of cycloadduct), 5.4 (br, 2H, cycloadduct-CH2OC=O), 4.83 (s, 1H, CH, bridge-head 
proton), 4.0 (repeating unit of PCL), 3.62 (br, 6H, -OCH2CH2, repeating unit of PEG 
and NCH2CH2OC=O), 2.4 (m, 4H, C=OCH2CH2C=O), 2.4-0.9 (aliphatic protons of 
PCL and PEG). 
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4.  RESULTS AND DISCUSSION  
4.1 Synthesis of Initiators 
First of all, maleic anhydride and furan were reacted in toluene at reflux temperature 
for 8 h to give 4,10-Dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) (equation 4.1). 
The anhydride 1 was obtained as small white needless. 
                              
 
 
(4.1) 
 
 
The reaction of the anhydride 1  was then carried out to give the 4-(2-Hydroxyethyl)-
10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5- dione (2). In this reaction, the 
anhydride 1 was suspended in MeOH and a solution of ethanolamine in MeOH was 
added at 0 
o 
C, then the mixture refluxed for 8 h (equation 4.2). Finally, compound 2 
was obtained as a white solid. 
                 
 
 
(4.2) 
 
 
The hydoxyl functionality of 2 was converted to carboxylic acid via a reaction with 
succinic anhydride in the presence of Et3N/DMAP catalyst system and 1,4-dioxane 
as solvent in order to give the 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-
yl)carbonyl]amino}    ethoxy)-4-oxobutanoic acid  (3) (equation 4.3).  
      
 
(4.3) 
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From 
1
H NMR spectrum (Figure 4.1) of 3, methylene protons next to the ester 
(NCH2CH2OC=O) and methylene protons adjacent to nitrogen (NCH2CH2OC=O)  
appeared at 4.25 ppm and 3.74 ppm respectively. Moreover, the multiplet peaks 
around 2.66-2.53 ppm confirmed successful conversion of hydroxyl group to 
carboxylic acid.  
 
Figure 4.1:  1H NMR spectra of: a) 3-acetyl-N-(2-hydroxyethyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (1); b) 3-acetyl-N-(2-
hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2); c) 
4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-yl)carbonyl]amino}ethoxy)-
4-oxobutanoic acid  (3) in CDCl3. 
 
Finally, 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (4) was synthesized by this 
way; 2, 2-bis (hydroxymethyl)-propanoic acid was reacted with excess amount of dry 
acetone using p-toluene sulfonic acid as catalyst. Additionally, 2,2-dimethoxy-
propane was deliberately used to provide acetone during the reaction. Process is 
given below schematically (equation 4.4). 
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   (4.4) 
Subsequent esterification reaction between 9-anthracene methanol and 4 was carried 
out using DCC as a coupling agent and catalytic amount of DMAP as catalyst and to 
give anthracen-9ylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (5). Process is 
given below schematically (equation 4.5). 
 
 (4.5) 
Then, hydrolysis of compound 5 was taken placed in THF using dilute HCl to 
produce anthracen-9ylmethyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (6). 
Procedure of the reaction is given below schematically (equation 4.6). 
 
 (4.6) 
The 
1
H NMR spectrum of the compounds are shown in Figure 4.2. From the NMR 
spectrum, the peaks in the range between 3.63 and 4.18 ppm are assigned to 
methylene protons. The peaks in the range between 1.18 and 1.40 ppm are identified 
to methyl protons (4). From the NMR spectrum the new signals appeared at δ 8.5-7.5 
ppm ArH of anthracene (5 and 6). From the NMR spectrum -OH protons (6) at δ 
2.17 ppm suggests that deprotection step was carried out successfully. 
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Figure 4.2:  1H NMR spectra of: a) 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid 
(4); b) anthracen-9ylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate 
(5); c) anthracen-9ylmethyl 3-hydroxy-2-(hydroxymethyl)-2-
methylpropanoate (6) in CDCl3. 
4.2 Synthesis of (AB)n type Multiarm Star Block Copolymer 
In the first step, the anthracene end-functionalized  PCL was synthesized from ring 
opening polymerization (ROP) of ε-CL with a hydroxy functionalized anthracene 
initiator. Anth-PCL was converted to tertiary α-bromoester macroinitiator. Multiarm 
star polymer with anthracene functionality was synthesized by a cross-linking 
reaction of divinyl benzene using PCL macroinitiator. The formation of multiarm 
star block copolymer was achieved via Diels-Alder click reaction between the 
reactive core and furan protected maleimide-end functionalized: MI-PEG. UV 
spectroscopy indicated that DA efficiency of the reaction was quantitative.  
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4.2.1 Synthesis of anthracene end-functionalized PCL (Anth-PCL) 
Anth-PCL was prepared by ROP of -CL in bulk using Sn(Oct)2 as a catalyst and 9-
anthracene methanol as an initiator at 110 °C (equation 4.7) .  
 
 (4.7) 
Anthracene end-functionality was confirmed by the observation of a signal at 6.14 
(methylene protons adjacent to the anthracene) in the 
1
H NMR spectrum (Figure 
4.3). Mn,NMR= 4550 of the polymer was determined accordingly from the integration 
of the peaks at 4.01 and 8.31 ppm related to PCL repeating unit and anthracene end-
group protons, respectively.  
 
Figure 4.3:  1H NMR spectrum of Anth-PCL in CDCl3. 
Mn,GPC of Anth-PCL was calculated to be 8070, based on linear PS standards (RI 
detector). However, determining more precise the molecular weight for PCL, a 
correction formula was used:
 
 Mn,PCL = 0.259 X Mn,GPC
1.073
 (Mn,PCL = 4030), where 
Mn,GPC is the molecular weight determined from GPC using PS standards [143]. 
Mn,NMR, Mn,theo, and Mn,PCL values were in good agreement. The polymerization 
conditions and characterizations of all linear precursors were tabulated in Table 4.1.  
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Polymer Ini. 
Time 
(min) 
Conv.
d
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
Anth-PCL
a
 - 180 82 4030
e
 1.09 4900
f
 4550 
Anth-PCL-Br
b
 - - 85 4300
e
 1.14 5150
f 
 5900 
MI-PEG
c
 3 - - 3200 1.03 2350
g 
 2800 
a 
Synthesized by ROP of -CL in bulk using tin(II)-2-ethylhexanoate as a catalyst and   
9-anthracene methanol as an initiator at 110 °C. [M]0:[I]0 = 50. 
b
Esterification reaction between anth-PCL and 2-bromoisobutryl bromide in THF at 
room temperature for overnight. 
c 
Obtained by an esterification reaction between compound 3 and Me-PEG (2000).
 
 
d 
Determined by gravimetrically. 
e 
Determined by conventional GPC using linear PS standarts, after applying a 
correction formula (Mn,PCL = 0.259 X Mn,GPC
1.073
). 
f 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
g 
Mn,theo = Mn of Me-PEG (2000) + MW of 3. 
 
4.2.2 Synthesis of α-anthracene and ω-bromo functional PCL  
PCL-macroinitiator was obtained via an esterification reaction between anthracene-
PCL and 2-bromoisobutryl bromide in THF at room temperature (equation 4.8).  
 
 (4.8) 
Along with anthracene protons between 8.50 and 7.42 ppm, from 
1
H NMR spectrum 
(Figure 4.4), Br between the methylene protons of PCL were detected at 1.90 ppm, 
respectively. These results confirmed that this reaction was successfully synthesized.  
Table 4.1:  The conditions and results of linear polymers used in synthesis of amphiphilic 
multiarm star block copolymer via ROP and Diels-Alder click reaction. 
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Figure 4.4:  1H NMR spectrum of anthracen-9ylmethyl 2-bromo-2-methyl 
propanoate in CDCl3.  
4.2.3 Synthesis of maleimide end-functionalized PEG (MI-PEG) 
MI-PEG was obtained via an esterification reaction between Me-PEG (Mn=2000) 
and excess amount of 3 in the presence of DCC as a coupling agent and DMAP as a 
catalyst (equation 4.9). MI-PEG was obtained as brown oil after esterification 
reaction. 
 
(4.9) 
From 
1
HNMR spectrum of the polymer, the bridge and bridge-head protons were 
detected at 6.5, 5.25 and 2.87 ppm respectively. The Mn,NMR= 2800 of MI-PEG was 
determined from a ratio of integrated peaks at 3.62 ppm (OCH2CH2 protons of PEG) 
to 6.5 ppm (vinyl end protons).  
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Figure 4.5:  1H NMR spectra of MI-PEG in CDCl3. 
4.2.4 Synthesis of multiarm anthracene end-functionalized (PCL)m-polyDVB 
star polymer (Core) 
After the preparation of the anth-PCL-Br, star polymer was produced. For this 
purpose DVB, PMDETA, and CuBr was used and star polymer with α-anthracene-
end-capped arms was produced (Figure 4.6).  
 
Figure 4.6:  Synthesis of α-anthracene-end-capped (PCL)n-polyDVB multiarm star 
polymer.  
The DVB conversion was followed by GC analysis and as seen in GPC 
chromatogram of multi arm star polymer,  the polymerization was stopped at 10th 
hour via exposuring to air with 73% DVB conversion. And polymer was precipitated 
in methanol/diethyl ether mixture to remove unreacted polycaprolactones. Figure 4.7 
shows a series of conventional GPC curves of the reaction products at a given 
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polymerization time and the purified multiarm star polymer. It was observed that the 
peak corresponding to the star polymer was shifted to the higher molecular weight 
region of the chromatogram and the RI signal corresponding to the PCL 
macroinitiator decreased with the extent of cross-linking reaction. These results 
clearly indicated that the formation of the multiarm star polymer was achieved. For 
the purification of multiarm star polymer, it was dissolved in THF and reprecipitated 
into methanol/diethyl ether mixture (1/4 v/v) to remove unreacted PCL 
macroinitiator. The effectiveness of the purification procedure was confirmed by a 
complete disappearance of PCL macroinitiator peak in an overlaid GPC 
chromatogram of purified sample in Figure 4.7. 
 
Figure 4.7:  GPC traces during the synthesis of (PCL)n-polyDVB multi-arm star 
polymer. Experimental conditions: [DVB]/15 = [Anth-PCL-Br] = 
[CuBr] = [PMDETA] = 0.020 M in anisole at 110 °C. GPC 
conditions: RI detector, relative to linear PS standards.   
The molecular weight values (Mn, Mw, and Mp) of (PCL)m-polyDVB star polymer 
obtained using conventional GPC and TD-GPC  instruments were given in Table 4.2. 
It should be noted that there is a discrepancy between the molecular weight values 
obtained by conventional GPC and TD-GPC. This is expected that because star 
polymers have more compact structure than linear polymer of equivalent molecular 
weight and composition resulting in smaller hydrodynamic volume. Thus, apparent 
molecular weight of star polymers is underestimated by conventional GPC. 
  
  
52 
Refractive index (RI), light scattering (LS) and differential viscometer detectors in 
TD-GPC instrument provides more advanced and accurate technique to measure the 
absolute molecular weight of star polymer, if refractive index increment (dn/dc) 
value of the analyzed polymer is known. Although, dn/dc value of linear PCL is 
available, an attempt has been made to clarify the effect of cross-linked DVB core on 
dn/dc value of multi arm PCL star polymer.  Therefore, the dn/dc of (PCL)m-
polyDVB was measured by TD-GPC instrument and found to be 0.075 mL/g in THF 
at 35 
o
C, which is equal to that of  linear PCL. The weight average arm number (f ) of 
multiarm (PCL)m-polyDVB star polymer was calculated using the following 
equation based on the absolute molecular weights (Mw) of multiarm star polymer. 
 
(4.10) 
Where WFarm is the weight fraction of PCL arm in the star polymer, Mw,star and 
Mw,arm are the absolute molecular weights of the (PCL)m-polyDVB star and Anth-
PCL-Br arm, respectively obtained from TD-GPC instrument introducing  the 
predetermined dn/dc value of PCL to OmniSEC software, MDVB is the molecular 
weight of DVB, [DVB]/[ Anth-PCL-Br] is a feed molar ratio of the DVB to Anth-
PCL-Br before cross-linking polymerization. The conversion of DVB (convDVB) was 
determined by GC. Thus, the f of multiarm (PCL)m-polyDVB star polymer was 
calculated to be 57 and listed in Table 4.2. It is generally accepted that the intrinsic 
viscosity comparison of star polymer and its linear counterpart provides the most 
convenient method to elucidate the structure of star polymers, where g’ is the 
contraction factor as given in equation. 4.11.
 
 
g’ = []star / []linear  (M = constant)                                                                  (4.11) 
Where []star and []linear are the intrinsic viscosities of star polymer and the linear 
polymer with the same molecular weight and the composition, respectively [144]. It 
is also shown that in regular (equal arm length) star polymers, g’ is related with the 
number of arms, f as follows:  
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log g’ = 0.36 – 0.8 log f                                                                                    (4.12) 
The number of arms, f  was calculated to be 55 using equations. 4.11-12 and in close 
agreement with that obtained from equation 4.10. All data were given in Table 4.2. 
And here is the 
1
H NMR spectrum of multi arm star polymer.  
 
Figure 4.8:  1H NMR spectra of the multiarm star polymer in CDCl3. 
 
 To determine the absolute molecular weight of the multiarm star block copolymer, 
dn/dc value of the polymer-solvent combination is required. It is shown that dn/dc 
value correlateslinearly with composition of block copolymer in eq.4.4. 
 
 (dn/dc)block copolymer  =  x (dn/dc)PCL + y (dn/dc)PEG                                    (4.13) 
 
where x and y are weight fractions of PCL and PEG blocks from 
1
H NMR according 
to the backbone protons.
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Polymers GPC 
 
 TD-GPC 
 
Mn 
(g/mol) 
Mw 
(g/mol) 
Mp 
(g/mol) 
Mw/Mn 
 Mn 
(g/mol) 
Mw 
(g/mol) 
Mp 
(g/mol) 
[]  
(dL/g) 
Rh 
(nm) 
dn/dc
 
(mL/g) 
g’ f b f’ c 
(PCL)m-polyDVB
a
 
100000 112500 108000 1.12 
 
370000 460000 340000 0.167 10.3 0.075 0.093 57 55 
(PEG)n-(PCL)m-polyDVB 85500 108000 96000 1.26 
 
428000 586000 607000 0.157 11.0 0.076
d
 - - - 
            a 
[DVB]/15 = [Anth-PCL-Br] = [CuBr] = [PMDETA] = 0.020 M in anisole at 110 °C.  
            b
Number of arms in multi arm star polymer, calculated according to Eq. 4.1.  
            c
 Calculated according to Eqs. 4.2 and 4.3.  
            d
 Calculated according to Eqs. 4.4. 
 
 
 
Table 4.2:  The results of multiarm anthracene end-functional star and multiarm star block 
copolymers. 
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4.2.5 Diels-Alder click reaction of the multiarm star polymer with MI-PEG  
In the final step of the polymerization, the previously synthesized polymer, (PCL)m-
poly(DVB), was reacted with the PEG-MI in toluene at reflux temperature for 48 
hour in dark. After the precipitation and purification of the polymer our final product 
was obtained. 
 
Figure 4.9:  Diels-Alder click reaction of multiarm star polymer with PEG-MI.  
And 
1
H NMR spectrum also shows the efficiency of the DA click reaction. After the 
reaction was completed, we expected to losing sharp peak of anthracene at between 
7.96 – 8.41 ppm. This was the evidence of the reaction was carried out succesfully. 
Figure 4.10 shows 
1
H NMR spectrum of (PEG)m-(PCL)n-polyDVB multiarm star 
block copolymer. From 
1
H NMR spectra of multiarm star block copolymer, it was 
detected that characteristic peaks of anthracene (7.4–8.5 ppm) completely 
disappeared as a result of Diels-Alder cycloaddition. New signals corresponding to 
CH2 protons adjacent to anthracene ring at 5.4 ppm and a bridge-head proton of 
cycloadduct (CH) at 4.7 ppm were primarily observed (Figure 4.10).  
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Figure 4.10:  1H NMR Spectrum of the multiarm star block copolymer in CDCl3.   
Diels-Alder click reaction efficiency was also monitored by UV spectroscopy after 
the decrease in absorbance of anthracene between 300 and 400 nm in the reaction 
medium (Figure 4.11). Diels–Alder efficiency was calculated by following 
anthracene Conv. % = (1 – At/A0), where A0 and At are initial and final absorbance 
values of anthracene, respectively. The efficiency was found to be 87%. 
 
Figure 4.11:  UV spectra of multiarm anthracene-end functionalized (PCL)n-
polyDVB star  polymer during the synthesis of multiarm (PCL)n-
polyDVB-(PEG)m star block copolymer 1.66 x 10
-6 
mol/L in CH2Cl2.   
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Figure 4.12:  The evolution of SEC traces: PEG-MI, multiarm anthracene-end 
functionalized (PCL)n-polyDVB star polymer and multiarm(PCL)n-
polyDVB-(PEG)m star block copolymer.  
GPC analysis showed monomodal traces for example. While a GPC trace for 
multiarm (PCL)n-polyDVB star polymer showed a clear shift to lower retention time, 
that for (PEG)m -(PCL)n-polyDVB appeared at the reverse side (Figure 4.12). This 
may be due to that adsorption of the PEG segment on the stationary phase caused a 
shift to lower molecular weight region.  
4.3 Synthesis of AB2 type Miktoarm Star Block Copolymer  
In the first step, the initiator 6 was synthesized. This initiator was used in the 
polymerization of ε-CL in the presence of Sn(Oct)2 catalyst. In the final step, MI-
PEG and anth-(PCL)2 polymer are clicked in order to give PEG-(PCL)2 miktoarm 
star copolymer in reflux temperature of toluene.  
4.3.1 Synthesis of anthracene end-functionalized (PCL)2  
Anth-(PCL)2 was prepared by ROP of -CL in bulk using Sn(Oct)2 as a catalyst and 
6 as an initiator at 110 °C (equation 4.10) .  
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 (4.14) 
Anthracene end-functionality was confirmed by the observation of a signal at 6.20 
(methylene protons adjacent to the anthracene) in the 
1
H NMR spectrum (Figure 
4.3). Mn,NMR= 4550 of the polymer was determined accordingly from the integration 
of the peaks at 4.02 and 8.28 ppm related to PCL repeating unit and anthracene end-
group protons, respectively.  
 
Figure 4.13:  The evolution of SEC traces: PEG-MI, PCL-macroinitiator, multiarm 
anthracene-end functionalized (PCL)n-polyDVB star polymer and 
multiarm(PCL)n-polyDVB-(PEG)m star block copolymer.  
The polymerization conditions and characterizations of all linear precursors were 
tabulated in Table 4.3.  
4.3.2 Diels-Alder click reaction of the Anth-(PCL)2 with MI-PEG 
In the final step of the polymerization, the previously synthesized polymer, Anth-
(PCL)2, was reacted with the PEG-MI in toluene at reflux temperature for 48 hour in 
dark (equation 4.15). After the precipitation and purification of the polymer our final 
product was obtained.  
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 (4.15) 
1
H NMR spectrum shows the efficiency of the DA click reaction. After the reaction 
was completed, it was mainly observed that peaks of anthracene ring ( 8.5-7.4) 
disappeared due to the cycloaddition. This was the evidence of the reaction was 
carried out succesfully. Figure 4.14 shows 
1
H NMR spectrum of PEG-(PCL)2 
miktoarm star block copolymer. New signals corresponding to CH2 protons adjacent 
to anthracene ring at 5.5 ppm and a bridge-head proton of cycloadduct (CH) at 4.9 
ppm were primarily observed (Figure 4.14). 
 
Figure 4.14:  1H NMR spectrum of the miktoarm star block copolymer in CDCl3.  
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Polymer Ini. 
Time 
(min) 
Conv.
d
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
Anth-(PCL)2
a
 6 720 84 5950 1.14 5120
e
 5350 
MI-PEG
b
 - - - 3200 1.03 2350
f
 2800 
MI-PEG
c
 - - - 5300 1.13 5300
 i
 5000 
a 
Synthesized by ROP of -CL in bulk using tin(II)-2-ethylhexanoate as a catalyst and  
6 as an initiator at 110 °C. [M]0:[I]0 = 50. 
b 
Obtained by an esterification reaction between compound 3 and Me-PEG (2000).
  
c 
Obtained by an esterification reaction between compound 3 and Me-PEG (5000).
  
d 
Determined by gravimetrically. 
e 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
f
 Mn,theo = Mn of Me-PEG (2000) + MW of 3. 
i
Mn,theo = Mn of Me-PEG (5000) + MW of 3. 
 
 
Figure 4.15:  GPC traces of MI-PEG and miktoarm star block copolymer. 
The purification of the copolymer was achieved by dissolution in THF then 
precipitation into excess amount of diethyl ether:methanol. The shift to higher 
molecular weight reagion (Figure 4.15) without tail indicated either block copolymer 
formation or complete purification. 
 
 
 
 
Table 4.3:  The conditions and results of linear polymers used in the synthesis of AB2 type 
star polymers via DA click reaction. 
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The molecular weight details of all block copolymers after DA reactions were 
tabulated in Table 4.4  
Polymer Precursors Mn,GPC 
(g/mol) 
 
Mw/
Mn 
 
Mn,theo
a
 
(g/mol) 
Mn,NMR 
(g/mol) 
PEG-(PCL)2 Anth-(PCL)2+ MI-PEG(2000) 7700 1.09 8100 7000
b
 
PEG-(PCL)2 Anth-(PCL)2+ MI-PEG(5000) 8000 1.20 10350 10200
b
 
a 
.Mn,theo = sum of Mn,NMR of the precursor polymers. 
b 
Mn,NMR of the block copolymers were calculated by taking into account a ratio of the 
integrated values of the PCL (DPn = 44) to the PEG segment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.4:  The results of the miktoarm star block copolymers via DA click reaction. 
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5.  CONCLUSION 
In conclusion, well-defined amphiphilic multiarm and miktoarm star-block 
copolymers were succesfully synthesized by a combination of ROP, cross-linking, 
highly efficient Diels–Alder click reactions. In this study, (PEG)n-(PCL)m-polyDVB 
multiarm star block copolymer and PEG-(PCL)2 miktoarm star block copolymer 
were synthesized based on ‗‗arm-first‘‘ methodology. As a result, well-controlled 
macromolecular architectures with controlled molecular weights and rather narrow 
molecular weight distributions were achieved. 
In the first study, (PEG)n-(PCL)m-polyDVB multiarm star block copolymer were 
synthesized. For this purpose, first, we have prepared the anthracene end-
functionalized  PCL from ring opening polymerization (ROP) of ε-CL with a 
hydroxy functionalized anthracene initiator catalyzed by Sn(Oct)2. Anth-PCL was 
converted to tertiary α-bromoester macroinitiator. Multiarm star polymer with 
anthracene functionality was synthesized by a cross-linking reaction of divinyl 
benzene using PCL macroinitiator. The formation of multiarm star block copolymer 
was achieved via Diels-Alder click reaction between the reactive core and furan 
protected maleimide-end functionalized: MI-PEG. UV spectroscopy indicated that 
DA efficiencies of the reactions were quantitative. Moreover, both GPC and 
1
H 
NMR analysis confirmed a successful block copolymer formation. 
In the second study, PEG-(PCL)2 miktoarm star block copolymer was synthesized. 
For this purpose, first, the initiator 6 was synthesized. This initiator was used in the 
polymerization of ε-CL in the presence of Sn(Oct)2 catalyst. In the final step, MI-
PEG and anth-(PCL)2 polymer are clicked in order to give PEG-(PCL)2 miktoarm 
star copolymer in reflux temperature of toluene. It is obvious that DA click reaction 
is a versatile and efficient method for the preparation of well-defined polymeric 
structures. 
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